In Vibrio cholerae, the causative agent of cholera, products of three genes, relA, spoT and relV, govern nutritional stress related stringent response (SR). SR in bacteria is critically regulated by two intracellular small molecules, guanosine 39-diphosphate 59-triphosphate (pppGpp) and guanosine 39,59-bis(diphosphate) (ppGpp), collectively called (p)ppGpp or alarmone. Evolution of relV is unique in V. cholerae because other Gram-negative bacteria carry only relA and spoT genes. Recent reports suggest that RelV is needed for pathogenesis. RelV carries a single (p)ppGpp synthetase or RelA-SpoT domain (SYNTH/RSD) and belongs to the small alarmone synthetase (SAS) family of proteins. Here, we report extensive functional characterizations of the relV gene by constructing several deletion and site-directed mutants followed by their controlled expression in (p)ppGpp 0 cells of Escherichia coli or V. cholerae. Substitution analysis indicated that the amino acid residues K107, D129, R132, L150 and E188 of the RSD region of RelV are essential for its activity. While K107, D129 and E188 are highly conserved in RelA and SAS proteins, L150 appears to be conserved in the latter group of enzymes, and the R132 residue was found to be unique in RelV. Extensive progressive deletion analysis indicated that the amino acid residues at positions 59 and 248 of the RelV protein are the functional N-and C-terminal boundaries, respectively. Since the minimal functional length of RelV was found to be 189 aa, which includes the 94 aa long RSD region, it seems that the flanking residues of the RSD are also important for maintaining the (p)ppGpp synthetase activity.
INTRODUCTION
Vibrio cholerae, the causative agent of the fatal diarrhoeal disease cholera, resides in various aquatic bodies and infects humans through contaminated food and water. While staying outside and inside of the human intestine, the pathogen faces numerous physico-chemical stresses amongst which nutritional starvation is a crucial parameter. The global changes in gene expression associated with nutritional deprivation in bacteria, called stringent response (SR), are triggered by intracellular accumulation of two small molecules, guanosine 39-diphosphate 59triphosphate (pppGpp) and guanosine 39,59-bis(diphosphate) (ppGpp), together called (p)ppGpp or alarmone. SR is characterized by repression of rRNA transcription, positive regulation of amino acid biosynthesis, readjustment of metabolic pathways according to physiological requirements and induction of stationary phase genes needed for survival Chatterji & Ojha, 2001; Choy, 2000; Jishage et al., 2002; Srivatsan & Wang, 2008; Stephens et al., 1975; Traxler et al., 2011) . In Escherichia coli and in other Gram-negatives, the products of relA and spoT genes synthesize and degrade (p)ppGpp, respectively . RelA is a ribosome-associated protein and synthesizes (p)ppGpp under amino acid starvation Haseltine & Block, 1973; . On the other hand, SpoT is a bifunctional enzyme with weak synthetase and strong (p)ppGpp hydrolase activities . SpoT synthesizes (p)ppGpp under carbon and fatty acid starvation Seyfzadeh et al., 1993; . Interestingly, the genomes of Gram-positive organisms carry a single rel gene coding for a bifunctional enzyme Rel with strong (p)ppGpp synthesis and hydrolase activities (Avarbock et al., 2005; Mechold et al., 2002; .
One important feature of the RelA/SpoT/Rel enzymes is that they carry N-terminally located hydrolase and (p)ppGpp synthetase/RelA-SpoT (SYNTH/RSD) domains, which are responsible for enzymic activities. On the other hand their C-terminally located conserved domains TGS (this domain is conserved in threonyl t-RNA synthetase, GTPases and SpoT proteins) and ACT (this domain is conserved in acetolactate synthase, chorismate mutase and TyrR receptor proteins) , are involved in regulation of enzymic activities Gropp et al., 2001; Mechold et al., 2002; Schreiber et al., 1991) . In SpoT/Rel enzymes, the hydrolase domain carries highly conserved histidine-aspartic acid (HD) residues . However, in RelA, the HD residues are substituted with other amino acids leading to impaired (p)ppGpp hydrolase activity function .
Recent reports indicate that apart from canonical relA/rel/ spoT genes certain Gram-positive and Gram-negative bacterial genomes may carry additional RSD coding genes . These newly discovered genes code for a small protein (usually withiñ 30 kDa in size), hence they are also called small alarmone synthetase or SAS . We have reported that the genome of V. cholerae codes for a 259 aa SAS protein, called RelV . It was shown that RelV could synthesize (p)ppGpp under glucose or fatty acid starvation under DrelADspoT double mutant background. However, V. cholerae DrelADspoTDrelV triple mutant was unable to accumulate (p)ppGpp under amino acid, glucose or fatty acid starvation and thus, they were phenotypically (p)ppGpp 0 cells .
It was reported previously that the C-terminal domain of RelA/Rel proteins may be involved in regulating the Nterminal (p)ppGpp synthetase activity (Gropp et al., 2001; Mechold et al., 2002) . However, there are no such distinct N-and C-terminal domains in RelV and currently no information is available about the role, if any, of these regions in maintaining (p)ppGpp synthetase activity. In this study, we have done extensive genetic and mutational analyses to characterize relV gene function. Site-directed mutagenesis of the RSD region of RelV allowed us to identify five essential amino acid residues for (p)ppGpp synthetase activity. Through progressive deletions of the N-or C-terminal amino acids of the RelV protein, the functional boundaries were determined. Extensive deletion analysis ultimately helped in determining the 189 amino acid residues long minimal functional region of the RelV enzyme.
METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used are listed in Table 1 . In this study a spontaneous deletion mutant of relV under DrelADspoT background, strain BS1.1, was isolated by repeated subculturing as done before , and was designated BSRD10 ( Table 1) . Sequencing of the PCR amplified relV region of BSRD10 indicated that there is a 10 bp deletion within the relV ORF, which should express a 172 aa residue-containing truncated RelV protein (last nine amino acids originated due to a frame shift mutation) and BSRD10 showed (p)ppGpp 0 phenotype (data not shown). Bacterial strains were routinely grown in Luria broth (LB; Difco) at 37 uC with vigorous shaking and for plate culture Luria agar (LA; Difco) was used . Antibiotics (Sigma-Aldrich) were used at the following concentrations unless stated otherwise: ampicillin, 100 mg ml 21 ; kanamycin, 40 mgm l 21 ; spectinomycin, 50 mgm l 21 ; streptomycin, 100 mgm l 21 ; chloramphenicol, 30 mgm l 21 for E. coli and 3 mgml 21 for V. cholerae; tetracycline, 10 mgml 21 for E. coli. Bacterial cells were also grown in M9 minimal (M9M) solution (Sigma-Aldrich) or agar (1.5 %; Difco) containing 0.4 % glucose as a carbon source ) and growth of bacterial cells was usually checked after 24-30 h after incubating the plates at 37 uC. Bacterial strains were preserved at 270 uC in LB containing 20 % sterile glycerol . Before initiation of any experiment, bacterial strains including mutants were always freshly inoculated from their -70 uC stock to avoid development of any suppressor mutations.
Molecular biological methods. Standard molecular biological methods were followed unless stated otherwise. Restriction and nucleic acid-modifying enzymes were purchased from New England Biolabs, and were used essentially as directed by the manufacturer. Electrocompetent V. cholerae cells were prepared essentially as reported earlier and transformants were selected on LA plates containing appropriate antibiotics.
Plasmid constructions. The plasmid pRelVD10 was constructed by PCR, amplifying only the relV ORF carrying 10 bp deletion (size 802 bp) using the primers VCRVorf-F/VCRVorf-R (Table S1 , available in the online Supplementary Material) and genomic DNA of the V. cholerae strain BSRD10 ( Table 1) followed by digestion with the enzymes EcoRI/HindIII and cloning in similarly digested vector pBAD24. For transformation E. coli DH5a cells were used. For construction of plasmids carrying deletion of the relV ORF at 59 and/ or 39 end, the desired fragment was PCR amplified using different sets of primers (Table S1 ) and genomic DNA of the V. cholerae strain N16961 followed by digestion of the fragment with EcoRI/HindIII and cloning in the similarly digested vector DNA pBAD24. Forward primers were always designed with an artificially inserted ATG start codon to amplify 59 end deleted fragments of relV ORF. Similarly, 39 end deleted relV ORF was always amplified with the reverse primers carrying an artificially inserted TAG stop codon. Authenticity of each construct was verified by DNA sequencing using relevant primers (Table S1 ).
Site-directed mutagenesis. Site-directed mutagenesis (SDM) of the relV gene was done using the QuikChange II SDM kit (Stratagene) and the recombinant plasmid pRelV BAD as the template. Pairs of complementary oligonucleotides (Table S1 ) were designed with single or double position of nucleotide degeneracy to insert the desired amino acid substitutions at specific positions (Avril et al., 2005; Wu et al., 2008) . Authenticity of desired site-directed mutation was confirmed by DNA sequencing using relevant primers (Table S1 ).
Determination of intracellular (p)ppGpp. Intracellular accumulation of (p)ppGpp in V. cholerae and E. coli strains was determined by labelling glucose-starved cells with [ 32 P]-H 3 PO 4 (100 mCi ml 21 ; BRIT) followed by TLC essentially as described previously .
Reverse transcriptase-PCR assay. For reverse transcriptase (RT)-PCR assay of the relV gene, total cellular RNA was prepared from bacterial cells grown in LB medium to an OD 600 value of~1.0 using TRI Reagent (Sigma) essentially as described by the supplier. RT-PCR was done with the OneStep RT-PCR kit (Qiagen) essentially as described previously using purified RNA and the primers 1224int-F/1224int-R (Table S1 ).
DNA sequencing and computational analyses. DNA sequencing was done using an ABI3130 genetic analyser (Applied Biosystems Inc.) as described previously . DNA sequence data were analysed by using Chromas 1.45 (http://technelysium.com.au/ ?page_id=13) . DNA sequences were obtained from JCVI (http://www. jcvi.org/cms/home/) and protein domain information was obtained from KEGG (www.genome.jp/kegg/). BLASTN and BLASTP programs were used to search for homologous nucleotide or protein sequences, respectively, in the database (www.ncbi.nlm.nih.gov). Genomatix (www.genomatix.de/cgi-bin/dialign/dialign.pl) and CLUSTAL W2 software (http://www.ebi.ac.uk/Tools/msa/clustalw2/) were used for the alignment of protein sequences and further modified through GeneDoc software version 2.7.000 (http://genedoc.sharewarejunction.com). For designing primers, Primer3 software (http://bioinfo.ut.ee/primer3-0.4. 0/) was used.
RESULTS AND DISCUSSION
Growth phenotypes of (p)ppGpp 0 cells under controlled expression of relV Earlier it was reported that expression of the relV gene through its natural promoter is toxic in E. coli DrelADspoT (p)ppGpp 0 strain CF1693 . We have As pRelV BAD ; RelV (aa 1-245 or DC14); Ap r This study pBRelV1-247
As pRelV BAD ; RelV (aa 1-247 or DC12); Ap r This study pBRelV1-248
As pRelV BAD ; RelV (aa 1-248 or DC11); Ap r This study pBRelV1-249
As pRelV BAD ; RelV (aa 1-249 or DC10); Ap r This study pBRelV1-250
As pRelV BAD ; RelV (aa 1-250 or DC9); Ap r This study pBRelV50-259
As pRelV BAD ; RelV (aa 50-259 or DN49); Ap r This study As pRelV BAD ; RelV (aa ; Ap r This study As pRelV BAD ; RelV (aa 59-259 or DN58); Ap r This study pBRelV60-259
As pRelV BAD ; RelV (aa 60-259 or DN59); Ap r This study As pRelV BAD ; RelV (aa 59-248 or DC11-DN58); Ap r This study pBRelV59-247
As pRelV BAD ; RelV (aa 59-247 or DC12-DN58); Ap r This study Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Sm, streptomycin; Sp, spectinomycin.
V. cholerae relV gene function recently reported cloning of the relV ORF under an arabinose-inducible promoter P BAD of the vector pBAD24 and designated pRelV BAD . In this study, we have further examined the toxic effect of relV gene expression through pRelV BAD in E. coli background. E. coli DrelA strain CF1652 or DrelADspoT mutant CF1693 (Table 1) were transformed with pRelV BAD and plated on LA containing appropriate antibiotics with 0.2, 0.1, 0.01, 0.001 or 0.0001 % arabinose or without it. Several transformants were obtained using the DrelA strain both in the presence or absence of arabinose. A representative plate containing 0.01 % arabinose along with the control strain CF1652(pBAD24) is shown in Fig. 1(a) . However, transformants of DrelADspoT strain grew in plates containing 0.001 %, 0.0001 % or no arabinose. Results obtained with 0.01, 0.001 % or no arabinose are shown in Fig. 1(a) . As expected, the control strain CF1693(pBAD24) gave numerous transformants in the presence or absence of arabinose ( Fig. 1a ). Thus, it appears that the expression of relV using high concentrations of arabinose, i.e. 0.2, 0.1 or 0.01 % is indeed toxic for E. coli DrelADspoT (p)ppGpp 0 cells. This might be due to overproduction of (p)ppGpp through expression of relV in trans. Further, the colony size of CF1693(pRelV BAD ) was markedly small compared with the control strain CF1693(pBAD24) or the SpoT + strain CF1652 carrying either the plasmid pBAD24 or pRelV BAD (Fig. 1a ).
To provide further evidence that overexpression of relV leads to toxic accumulation of (p)ppGpp, we cloned an allele of relV ORF with mutation in its RSD encoding region in the vector pBAD24 and designated pRelVD10. As expected, pRelVD10 gave numerous transformants using the E. coli DrelADspoT strain CF1693 irrespective of arabinose concentration used, and colony size was similar to that of the control strain CF1693(pBAD24) (data not shown).
The result suggests that the mutated relV allele most likely expressed a non-functional mutant RelV protein without (p)ppGpp synthetase activity, and thus it has no effect on the viability of the DrelADspoT strain CF1693 irrespective of presence of arabinose. This conclusion was further confirmed by radioactive phosphorus labelling of intracellular nucleotides of CF1693(pRelV BAD ) or CF1693(pRelVD10) cells followed by TLC analysis. As expected, only CF1693(pRelV BAD ) showed accumulation of (p)ppGpp as shown in Fig. 1(b) .
During the course of this study Mechold et al. (2013) reported the successful use of arabinose to express different constructs with (p)ppGpp synthetase activity in E. coli. They also reported that ppGpp has more growth inhibitory effect in E. coli than pppGpp. Since our TLC analysis ( Fig.  1b) indicates that the major component of the synthesized alarmone is ppGpp, we believe that toxic effects of induction of RelV expression in E. coli (p)ppGpp 0 cells could be ppGpp mediated.
It is well established that (p)ppGpp 0 cells are unable to grow in nutritionally poor M9M medium because (p)ppGpp positively regulates several amino acid biosynthesis operons in bacteria that ultimately help in survival and growth of (a) -Ara -Ara
Wt Ec (b) Fig. 1 . (a) Phenotypic analysis through controlled expression of the relV gene using the plasmid pRelV BAD in E. coli. Genotypes of strains are as indicated. (b) Autoradiogram showing ppGpp production by expressing the relV gene in E. coli (p)ppGpp 0 (DrelADspoT) cells. As controls DrelADspoT(pBAD24) and DrelADspoT(pRelVD10) cells were used. Glucose-starved cells were labelled with 32 P-orthophosphoric acid, extracted, resolved by TLC followed by autoradiography.
micro-organisms under severe nutrient deficient conditions (Durfee et al., 2008; Eymann et al., 2002) . We found that at a 0.1 % arabinose concentration, the growth of E. coli (p)ppGpp 0 strain CF1693 carrying the plasmid pRelV BAD on M9M agar was like the control E. coli wild-type strain CF1648 (Wt Ec ) as shown in Fig. 2(a) . E. coli DrelA strain CF1652, which is (p)ppGpp + due to the presence of the spoT gene used as a positive control, also showed growth ( Fig. 2a ). As expected, E. coli (p)ppGpp 0 strain CF1693 carrying the empty vector pBAD24 or pRelVD10 used as negative control was unable to grow on M9M agar ( Fig. 2a ). A similar result was obtained when Wt V. cholerae strain N16961 (Wt Vc ), its mutant derivatives RRV1 (DrelADrelV) and the (p)ppGpp 0 strain BRV1 (DrelADspoTDrelV) ( Table 1) were used for M9M growth assay ( Fig. 2b ). Radioactive phosphorus labelling of the BRV1(pRelV BAD ) cells and different control strains followed by TLC analysis further confirmed the synthesis of (p)ppGpp through pRelV BAD -mediated RelV expression ( Fig. 2c ).
Thus, the logical conclusion is that production of (p)ppGpp by RelV in the absence of the SpoT hydrolase is toxic unless cells are grown under conditions that require high levels of (p)ppGpp. This is in agreement with the reports on other SAS genes, e.g. relP, relQ and yjbM .
Essential amino acid residues of the RSD region of RelV
We have shown that controlled expression of RelV in E. coli or V. cholerae (p)ppGpp 0 cells allowed their growth on M9M agar plates. This assay was further utilized to identify the essential amino acid residues of the RSD region of RelV. KEGG (http://www.kegg.jp/ssdb-bin/ssdb_motif?kid=vch: VC1224) analysis indicated that the RSD of RelV is 94 aa residues long (amino acid positions 107 to 201). Similarly, RSDs of different SAS proteins including RelP and RelQ of Streptococcus mutans, YjbM and YwaC of Bacillus subtilis were bioinformatically identified and aligned with that of RelV as shown in Fig. 3(a) . For comparison, we also included RSD regions of the canonical RelA proteins of V. cholerae (RelA Vc ), E. coli (RelA Ec ) and Streptococcus dysgalactiae subspecies equisimilis (Rel Seq ). We also aligned amino acid sequences of RelV and its homologues present in different species of the genus Vibrio as shown in Fig. S1 . Such alignments revealed conservation of several amino acids in the RSD region of RelV ( Fig. 3a ) and based on this we did SDM of some of these amino acids as shown schematically in Fig. 3 (b). previously reported the essential role of aspartic acid at position 264 (D264) in coordinating the bound Mg 2+ with the glutamic acid at position 323 (E323)
Growth of E. coli (p)ppGpp 0 (DrelADspoT) (a) and V. cholerae (p)ppGpp 0 (DrelADspoTDrelV) (b) cells carrying different plasmid constructs was assayed on M9M agar containing 0.1 % arabinose. E. coli DrelA and V. cholerae DrelADrelV cells were used as controls. (c) Autoradiogram showing accumulation of (p)ppGpp in V. cholerae (p)ppGpp 0 (DrelADspoTDrelV) cells carrying the plasmid pRelV BAD . DrelADspoTDrelV(pBAD24) was used as a control. Glucose-starved cells were labelled with 32 P-orthophosphoric acid, extracted and resolved by TLC followed by autoradiography.
within the RSD of Rel Seq in the presence of the donor ATP molecule during the (p)ppGpp synthesis reaction. We found that both amino acids are conserved in canonical RelA/Rel and SAS proteins ( Fig. 3a) . In fact, alignment of amino acid sequences of the RSD regions of RelA/Rel/SAS proteins indicated that the glutamic acid is present in a conserved motif EXQX, where X could be any amino acid ( Fig. 3a) . Therefore, aspartic acid at position 129 (D129) and glutamic acid at position 188 (E188) of RelV were substituted with glycine ( Fig. 3b ). We observed that when the mutant protein RelV D129G or RelV E188G was expressed through the plasmid pRelV-D129G or pRelV-E188G in E. coli or V. cholerae (p)ppGpp 0 cells then they failed to grow on M9M agar medium ( Fig. 4a , b) and to accumulate (p)ppGpp (Figs 4c and S2). The results suggest that both the mutant proteins RelV D129G and RelV E188G had lost their (p)ppGpp synthetase activity. Thus, we conclude that like canonical RelA/Rel enzymes, D129 and E188 of the RSD region of RelV are essential for (p)ppGpp synthetase activity. previously reported that the positively charged amino acids, arginine residue at position 241 (R241) and two lysine residues at positions 243 (K243) and 251 (K251), in the RSD region of the Rel Seq protein coordinate with the pyrophosphate group of the donor ATP molecule during synthesis of (p)ppGpp. Interestingly, our analysis indicated that the RelV protein carries two conserved lysine residues at positions 107 (K107) and 115 (K115), which correspond to K243 and K251 of the Rel Seq protein (Fig. 3a) . Substitution of the K107 with alanine ( Fig. 3b ) led to complete loss of synthetase activity of RelV K107A mutant protein since both E. coli CF1693 or V. cholerae BRV1 (p)ppGpp 0 cells carrying pRelV-K107A failed to show any growth on M9M agar or accumulate (p)ppGpp (Figs 4a-c and S2). We believe that substitution of these corresponding amino acids in other SAS proteins most likely leads to loss of (p)ppGpp synthetase activity. Similarly, it was found that the hydrophobic amino acid leucine at position 150 (L150) of RelV and other SAS proteins is conserved (Fig. 3a) , and in canonical RelA/Rel proteins, the corresponding amino acid is either valine (in RelA) or isoleucine (in Rel Seq ). Interestingly, substitution of L150 of RelV with the similar amino acid isoleucine . Natural amino acids are in bold face and underlined, and substituted residues are shown in large font size above each of the natural residues. Numbers above each substituted amino acid residue indicate its position.
(L150I) followed by expression of the mutant protein RelV L150I through the plasmid pRelV-L150I in E. coli or V. cholerae (p)ppGpp 0 neither supported growth of bacterial cells on M9M agar nor accumulated intracellular (p)ppGpp ( Fig. 4a-c) , indicating functional loss of the mutant protein.
We have also substituted arginine at position 132 (R132) of RelV to glycine (R132G) (Fig. 3b ) since the corresponding position in other SAS proteins has a glycine residue ( Fig. 3a) . Expression of the mutant protein RelV R132G through the pRelV-R132G in E. coli or in V. cholerae (p)ppGpp 0 cells failed to grow on M9M agar or accumulate intracellular (p)ppGpp, which strongly suggests loss of (p)ppGpp synthetase activity of RelV R132G protein (Figs 4a-c). Our bioinformatics analysis of the RSD regions of RelA/Rel/ SAS proteins also indicated a glycine-tyrosine (GY) motif as shown in Fig. 3 (a). Interestingly, there was no loss of (p)ppGpp synthetase activity when the G170 or Y171 residue of RelV was substituted with alanine ( Fig. S2 ) although previously showed that the substitution of the corresponding Y308 residue of the Rel Seq protein may lead to defective (p)ppGpp synthetase activity. Similarly, there was no effect when the conserved glutamine residue at position 190 (Q190) of the EXQX motif of RelV was substituted with alanine ( Fig. S2 ).
We confirmed that the observed growth phenotype of E. coli or V. cholerae cells carrying each of the abovementioned constructs using M9M agar assay was due to the expression of a mutant allele of relV by determining their transcripts using RT-PCR assay. As expected, the assay indicated a similar amount of expression of relV allele in each case. We used the cells of CF1693(pRelV-D129G) or BRV1(pRelV-D129G) to measure the transcript level of mutated relV alleles along with different controls (Fig. 4d ).
Determination of functional C-terminal boundary of RelV
To understand the role, if any, of the C-terminal region of RelV in maintaining the (p)ppGpp synthetase function, we developed several progressive deletion constructs ( Fig. 5a ) by cloning each truncated relV ORF under the P BAD promoter of the plasmid pBAD24, and each clone was tested in E. coli or V. cholerae (p)ppGpp 0 cells by M9M growth assay as well as accumulation of intracellular (p)ppGpp by TLC analysis. We observed that the E. coli or V. cholerae (p)ppGpp 0 strain CF1693 or BRV1, respectively, carrying the plasmid pBRelV1-250, pBRelV1-249 or pBRelV1-248 could grow on M9M agar (Fig. 5b , c) and was also able to accumulate (p)ppGpp ( Fig. 5d ) suggesting that each of these expressed truncated proteins has retained its (p)ppGpp synthetase activity. In s h a r pc o n t r a s t ,t h eC F 1 6 9 3o rB R V 1s t r a i nc a r r y i n g the recombinant plasmid pBRelV1-247 or pBRelV1-245 failed to grow on M9M agar or accumulate intracellular (p)ppGpp ( Fig. 5b-d) . Thus it appears that deletion of 12 but not 11 amino acid residues from the C-terminal end of the RelV protein completely impaired its (p)ppGpp synthetase function. Hence, the amino acid at position 248 of RelV appears to be its functional C-terminal boundary. ∆relA∆spoT(pBRelV59-247) 
N-terminal deletion analysis of RelV
After determining the C-terminal functional boundary of the RelV, we wanted to know the role, if any, of the Nterminal region in regulating the synthetase activity. Like determination of the functional C-terminal boundary, a similar strategy was followed to identify the functional N-terminal boundary by developing several progressive deletion constructs using the arabinose-inducible expression vector pBAD24 ( Fig. 5a ). We found that E. coli or V. cholerae (p)ppGpp 0 cells carrying the recombinant plasmid pBRelV60-259 only, failed to grow on M9M agar and were also unable to accumulate intracellular (p)ppGpp ( Fig. 6a c), confirming that the amino acid residue at position 59 of the N-terminal region is the functional boundary of RelV keeping the C-terminal region intact. The results suggest that like the C-terminal region, deletion of a certain stretch of amino acids (here amino acid residues 1-58) of the Nterminal region is tolerable for functional activity of RelV.
Thus, it appears that both N-and C-terminal amino acid sequences are involved in regulating the (p)ppGpp synthetase activity of RelV, and most likely these sequences are needed to maintain the proper structure of the RelV enzyme, but this needs further study.
Determination of minimal functional length of RelV
Having determined that amino acid residues 59 and 248 act as the functional N-and C-terminal boundaries, respectively, of the RelV, it was of interest to determine the minimal functional length of this SAS protein. Ideally, a fragment of amino acids consisting of residues 59 to 248 of RelV should be functional, and to confirm this we cloned a region of the relV ORF that encoded amino acids 59 to 248 in pBAD24 as shown schematically in Fig. 5 (a). Expression of this N-and C-termini-truncated RelV protein in an arabinose-dependent manner through the recombinant plasmid pBRelV59-248 in E. coli (p)ppGpp 0 CF1693 cells indicated that this protein was indeed functional, because the strain CF1693(pBRelV59-248) showed growth on M9M medium and also accumulated intracellular (p)ppGpp as analysed using a TLC method ( Fig. 7a, b ). However, this strain contributed to a decreased amount of (p)ppGpp compared with the CF1693(pRelV BAD ) control strain, indicating attenuation in the (p)ppGpp synthetic activity of the truncated RelV protein consisting of amino acid residues 59 to 248. In sharp contrast, when we expressed the truncated RelV protein fragment consisting of amino acid residues 59 to 247 through the plasmid pBRelV59-247 in CF1693 cells, it failed to grow in M9M agar indicating that deletion of a single amino acid residue led to complete loss of (p)ppGpp synthetase activity of the mutant protein ( Fig. 7a, b) . Thus, the minimal functional fragment of RelV is only 189 aa long and it carries the predicted RSD region of 94 residues along with the flanking N-and C-terminal 48 and 47 aa residues, respectively. Similar results were obtained when each of the construct pBRelV59-248 or pBRelV59-247 were expressed in the V. cholerae (p)ppGpp 0 cells of the strain BRV1 as shown in Fig. 7 (c). We confirmed plasmid-driven expression of Wt or truncated ORF of the relV gene by RT-PCR assays using total cellular RNA isolated from BRV1(pRelV BAD ), BRV1(pBRelV59-248) and BRV1(pBRelV59-247) strain as shown in Fig. 7(d) .
CONCLUSION
The present study attempted to dissect the function of the relV gene of V. cholerae by genetic and mutational approaches under in vivo conditions using E. coli as well as V. cholerae (p)ppGpp 0 cells. The relV gene is highly conserved in other Vibrio species, suggesting its probable importance in physiology/niche adaptation in this group of organisms of marine origin. SDM analysis carried out in this study allowed us to identify five amino acid residues (K107, D129, R132, L150 and E188) of the RSD region of RelV that are essential for maintaining (p)ppGpp synthetase function. Additionally, progressive deletion analysis has helped us in underpinning the functional N-and Cterminal boundaries of RelV. To our knowledge this is the first report to establish the minimal functional region of an SAS protein, and the results further suggest that this bioinformatically identified RSD region indeed provides valuable information but its practical value extends beyond the predicted region. We hope that the results presented here will help in the future to understand further the functions of other SAS enzymes and reveal the role of these small proteins including RelV in regulation of the SR in diverse bacteria.
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Introduction
Stringent response (SR), an adaptive response of bacteria to nutrient limitation, is accomplished by swift readjustment of gene expressions upon sensing elevated level of intracellular alarmone molecules ppGpp and pppGpp, together called (p)ppGpp. SR is mainly characterized by the repression of stable RNA (rRNA and tRNA) expression and upregulation of amino acid biosynthesis and transport operons . SR molecule (p)ppGpp, a by product of either GTP or GDP with an extra pyrophosphate group on the ribose 3′ hydroxyl position, directly binds at the interface of ω and β' subunit of RNA polymerase (RNAP) and alters transcript levels of targeted operons at the stage of transcription initiation (Amato et al. 2013; Ross et al. 2013) . SR is highly conserved, and enzymes metabolizing (p)ppGpp, called RelA/SpoT homolog (RSH), were reported across all three domains of life, e.g., eukaryotes, bacteria and archaea Rinke et al. 2013; Tozawa and Nomura 2011) . In γ-proteobacteria, (p)ppGpp is synthesized primarily by the RelA and SpoT enzymes, whereas in firmicutes and actinobacteria it is mainly synthesized by the Rel protein (Cashel et al. 1996, Das and Tozawa and Nomura, 2011) . RelA, a monofunctional enzyme, recognizes stalled ribosomal-mRNA complex and synthesizes (p)ppGpp Abstract Rel Mtb , a GTP pyrophosphokinase encoded by the Mycobacterium tuberculosis (Mtb) genome, catalyzes synthesis of (p)ppGpp from ATP and GDP(GTP) and its hydrolysis to GDP(GTP) and pyrophosphate to mediate stringent response, which helps bacteria to survive during nutrient limitation. Like other members of Rel_Spo homologs, Rel Mtb has four distinct domains: HD, Rel_Spo (RSD), TGS and ACT. The N-terminal HD and RSD are responsible for (p)ppGpp hydrolysis and synthesis, respectively. In this study, we have dissected the rel Mtb gene function and determined the minimal region essential for (p)ppGpp synthetic activity. The Rel Mtb and its truncated derivatives were expressed from an arabinose inducible promoter (P BAD ), and in vivo functional analyses were done in a (p)ppGpp null Escherichia coli strain. Our results indicate that only 243 amino acids (188-430 residues) containing fragment are sufficient for Rel Mtb (p)ppGpp synthetic activity. The results were further confirmed by in vitro assays using purified proteins. We further characterized the RSD of Rel Mtb by substituting several conserved amino acids with structurally related residues and identified six such residues, which appeared to be critical for maintaining its catalytic activity. Furthermore, we have also extended . SpoT is a bi-functional enzyme with strong (p)ppGpp hydrolase and weak synthetase activities and activated during glucose, fatty acid and possibly other starved conditions . Rel, also a bi-functional enzyme belonging to RSH family of proteins, is present in most firmicutes and actinobacteria, and it modulates (p)ppGpp levels through its synthetic and hydrolase activities Avarbock et al. 2005; ). Mycobacterium tuberculosis (Mtb), the most well-studied member of actinobacteria and the causative agent of tuberculosis, regulates intracellular (p)ppGpp levels using catalytic activities of Rel enzyme (hereafter will be called Rel Mtb ). Like other members of RSH family, Rel Mtb has four distinct domains: HD, Rel_Spo (RSD), TGS and ACT (Avarbock et al. 2005) . While the N-terminal HD and RSD are responsible for (p)ppGpp hydrolysis and synthesis, respectively, the C-terminal TGS and ACT domains have been suggested to regulate the catalytic activities . Apart from canonical RelA/SpoT/Rel enzymes, genomes of several bacteria also encode RSH-like proteins called small alarmone synthetases or SAS Geiger et al. 2013; . Recently, it has been reported that the genome of M. smegmatis encodes a novel RSH with both (p)ppGpp synthetase and RNaseHII activities (Murdeshwar and . Interestingly, the human pathogen Mtb also carries a SAS-like conserved hypothetical gene rv1366 Weiss and Stallings 2013) ; however, the function of which is currently unknown.
Several recent studies indicate that (p)ppGpp could be key molecule for Mtb pathogenesis and dormancy (Dahl et al. 2003; Klinkenberg et al. 2010) . It was demonstrated that long-term survival of a ∆rel Mtb strain is significantly affected under in vitro (Primm et al. 2000) as well as in vivo conditions (Dahl et al. 2003) . In fact, Karakousis et al. (2004) have shown that persistence of Mtb within host granulomas is directly linked with the rel Mtb gene function. Furthermore, recently it has been shown that a ∆rel Mtb strain is unable to cause gross tubercle lesions in animals and it also showed attenuation in virulence (Klinkenberg et al. 2010 ). Thus, it appears that (p)ppGpp is a critical regulator of several physiological aspects of Mtb for maintaining its infectious properties including persistence. Avarbock et al. (2005) dissected Rel Mtb protein and reported that first 394 amino acids are essential for its (p)ppGpp synthetase and hydrolase activities. They had also shown that N-terminal 308 amino acids (87-394) are important for (p)ppGpp synthetase activity of Rel Mtb .
However, no study has been conducted to determine the precise region essential for (p)ppGpp synthetase activity of Rel Mtb . Our knowledge is also limited about the role of conserved amino acid residues present in the RSD of Rel Mtb . In the present study, we dissected rel Mtb gene function and have determined minimal span of RSD having (p)ppGpp synthetase activity. We also shed light on the significance of different conserved amino acid residues present in RSD and demonstrated their importance in (p)ppGpp synthetase activity of Rel Mtb . At the same time, we also characterized a hypothetical Mtb gene rv1366 encoding a putative SASlike protein with conserved RSD; however, our experimental results indicate that the product of this gene is naturally nonfunctional in synthesizing (p)ppGpp.
Materials and methods

Bacterial strains, plasmids and culture conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . Bacterial strains were routinely grown in Luria broth (LB) at 37 °C with shaking as described earlier . For plate culture, Luria agar (LA) was used, which contained LB with 1.5 % agar (Difco, USA). Antibiotics were used at the following concentrations: ampicillin (Amp), 100 µg/ml; kanamycin (Kan), 40 µg/ml and chloramphenicol (Cam), 30 µg/ml. Bacterial strains were maintained at −70 °C in LB containing 20 % glycerol (v/v) . For functional complementation studies, E. coli cells were also grown in M9 minimal (M9M) (Sigma-Aldrich, USA) agar (1.5 %) containing 0.4 % glucose as a carbon source , and growth of bacterial cells was usually checked after 36-40 h of incubation at 37 °C. Bacterial growth was monitored spectrophotometrically by measuring the optical density of the culture at 600 nm (OD 600 ).
Molecular biological methods
Standard molecular biological methods ) were followed throughout this study for genomic and plasmid DNA preparations, electroelution of DNA fragments, restriction enzyme digestion, DNA ligation, bacterial transformation, agarose gel electrophoresis, etc., unless stated otherwise. Restriction enzymes were purchased from New England Biolabs, Inc., USA and were used essentially as directed by the manufacturer.
Construction of plasmids
To construct different recombinant plasmids, DNA fragments to be cloned were PCR-amplified using (Table 1) . Similarly, various truncated ORFs of the rel Mtb gene were PCR-amplified using region-specific primers ( Table 2) followed by cloning in pBAD24 ( Table 1 ). The rv1366 ORF was PCR-amplified using the primer set Rv1366-F/Rv1366-R ( Table 2 ) and genomic DNA of Mtb H37Rv as templates. The 0.83-kb amplified product was cloned under the P BAD of the expression vector pBAD24, and the recombinant clone was called pBRv1366 ( Table 1 ). The vector pET-15b (Table 1) was used for expression of Rel Mtb and its various truncated forms. Fragments of interest were PCRamplified using different sets of primer (Table 2 ). In certain situations, PCR fragments were initially cloned in TA-cloning vector pDrive or pGEM-T Easy ( Table 1) followed by subcloning in desirable restriction enzyme sites, for example, NdeI and BamHI of the expression vector pET-15b ( Table 1 ). Details of these recombinant clones are given in Table 1 , and authenticity of each construct was verified by DNA sequencing.
Site-directed mutagenesis
Site-directed mutagenesis (SDM) was essentially done using the Quick Change II XL SDM kit (Stratagene, USA) as directed by the manufacturer. Forward and reverse primers were designed with the desired change in the codon sequence and are listed in Table 2 . pBRel Mtb or pERel Mtb (Table 1 ) was always used as templates. Seven codons were mutated in the RSD region of rel Mtb , and details are given in 
Scanning electron microscopy
Scanning electron microscopy (SEM) of bacterial samples was done as described previously . Briefly, bacterial cells in exponential phase of growth were harvested, washed in phosphate buffered saline (PBS, pH 7.4) and resuspended in an equal volume of PBS. Bacterial cells were placed onto a poly-L-lysine (1 mg/ml, Sigma-Aldrich)-coated glass cover slips followed by fixing with 4 % glutaraldehyde (Sigma-Aldrich) and post-fixation with 4 % osmium tetroxide (OsO 4 ; Sigma-Aldrich) for 1 h. Fixed cells were then washed several times with PBS followed by dehydration with chilled ethanol of 40, 60, 80, 90 % and ultimately two changes with 100 % for a minimum of 10 min at each stage. Samples were critical point dried with an E3000 Critical Point Dryer (Quorum Technologies, UK) followed by sputter coating with gold (Model SC7620, Quorum Technologies, UK). Bacterial cells were visualized using a scanning electron microscope (Model VEGA II LSU, Tescan, Czech Republic) at 10 kV.
Protein expression and purification
Expression of recombinant Rel Mtb or its truncated versions or Rv1366 was done in E. coli BL21(DE3) strain ( Table 1 ) followed by purification as described previously (Avarbock et al. 2005; Sajish et al. 2009 ) with slight modification. For optimal expression, isopropyl β-D-thiogalactopyranoside (IPTG; Sigma) was added to a final concentration of 100 µM when bacterial culture was reached at OD 600 0.5-0.6 during growth at 37 °C and incubation was continued ).
The mixture was then treated with 12.5 µl of phenol: chloroform: isoamyl alcohol (25:24:1, v/v/v) with agitation followed by centrifugation at 12,000 rpm for 5 min at 4 °C. The aqueous phase was transferred to a new Eppendorf tube, and about 5 µl of it was spotted onto a PEI-cellulose TLC plate (Merck, Germany); spots were allowed to dry at room temperature, and radiolabeled nucleotides were separated on TLC plate by using 1.5 M KH 2 PO 4 (pH 3.4) as a resolving buffer followed by autoradiography. We noticed a contaminant in the commercially available radioactive sample while using as a negative control. Other investigators have also reported similar contaminant earlier Sajish et al. 2009 ).
Detection of intracellular (p)ppGpp
Labeling of (p)ppGpp under in vivo condition was done as described previously ). Bacterial cells were grown to ~0.4 OD 600 followed by addition of [ 32 P] H 3 PO 4 (100 µCi/ml) (BRIT, Mumbai, India) and arabinose (0.1 %) and maintained them in MOPS minimal medium with all supplements except glucose at 37 °C with shaking for about 45 min. After labeling, cells were harvested, washed and lysed with 13 M cold formic acid. Cell lysates were spotted on PEIcellulose TLC plate, and radiolabeled nucleotides were separated followed by autoradiography as described above. 
Results
Functional characterization of rel Mtb in heterologous host
Mtb is highly pathogenic and extremely slow growing bacteria, and therefore, it is difficult and tedious to study its gene function in homologous background. Since (p)ppGpp synthetases are highly conserved across bacterial phyla, we used E. coli genetic background to study the function of rel Mtb . Genetically, E. coli and Mtb are not related, and their RNA polymerase holoenzymes are quite different. To ensure adequate expression of native as well as truncated derivatives of rel Mtb , we replaced rel Mtb natural promoter with a well-studied arabinose inducible P BAD promoter. The entire rel Mtb ORF carrying recombinant plasmid, called pBRel Mtb (Table 1) , was transformed into E. coli ∆relA ∆spoT cells CF1693 (Table 1 ) and selected on LA plate with ampicillin. Numerous transformants were obtained on the selection plate. It is to be noted that high level of (p)ppGpp is lethal for E. coli if cells are devoid of (p)ppGpp hydrolase activity . Large numbers of transformants with wild-type (WT) Rel Mtb indicate probably both (p)ppGpp synthetase and hydrolase activities are functional in E. coli cells (Avarbock et al. 2005) . It is well established that (p)ppGpp 0 cells are unable to grow in nutritionally poor M9M medium because optimal concentration of (p)ppGpp is needed for transcription of several operons involved in amino acid biosyntheses . Based on this rationale, we argued that CF1693(pBRel Mtb ) cells would be able to grow on M9M medium if optimal expression of Rel Mtb in trans be attained. For this purpose, initially we used different concentrations of arabinose, such as 0.01, 0.1 or 0.2 %, and noticed that 0.1 % arabinose was suitable for optimal growth (data not shown). Therefore, all our subsequent complementation experiments have been carried out using 0.1 % arabinose. When CF1693(pBRel Mtb ) was streaked on M9M agar plate supplemented with 0.1 % arabinose and incubated 30-36 h at 37 °C, it showed optimal growth like isogenic WT CF1648 cells (Fig. 1a ). However, CF1693 carrying the empty vector pBAD24 was unable to grow on the same plate under identical experimental condition (Fig. 1a) . The result suggests that most probably, the Rel Mtb was expressed in CF1693 and it was able to produce optimal amount of (p)ppGpp for growth in nutrient poor M9M medium. To confirm that the strain CF1693(pBRel Mtb ) indeed produces (p)ppGpp, it was subjected to 32 P labeling using radioactive H 3 PO 4 (for details see Materials and methods section) followed by TLC analysis. As expected, CF1693(pBRel Mtb ) strain showed comparable (p)ppGpp production like the WT strain CF1648 under similar experimental conditions (Fig. 1b) . On the other hand, we were not able to detect any (p)ppGpp spot on the TLC plate in the lane carrying sample from negative control strain CF1693(pBAD24) (Fig. 1b) . Furthermore, it is well known that E. coli CF1693 (p)ppGpp 0 cells show elongated cell morphology in optimal growth condition , and elongation phenotype could be rescued by complementing the cells with (p)ppGpp synthetase function ). We rescued cell elongation phenotype by complementing CF1693 with pBRel Mtb (Fig. 1c ). When CF1693(pBRel Mtb ) was examined microscopically, it showed short rod-shaped morphology like that of the WT strain CF1648, whereas CF1693(pBAD24) negative control strain remained elongated (Fig. 1c ). Altogether, it may be concluded that the Rel Mtb was expressed in E. coli CF1693 cells, and the translated protein most likely maintained its (p)ppGpp synthetase and hydrolase functions.
Determination of minimal length of Rel Mtb housing (p)ppGpp synthetic activity
After demonstrating the function of WT Rel Mtb in E. coli cells, next we tried to determine the minimal region of Rel Mtb , which is essential for (p)ppGpp synthetic activity. We constructed several pBAD24 derivatives carrying truncated rel Mtb ORF under the P BAD promoter ( Table 1 ; Fig. 2a ). The (p)ppGpp synthetase activity of each of these truncated rel Mtb constructs was checked in E. coli strain CF1693 by assessing its ability to grow on M9M agar medium (Fig. 2b) . Furthermore, we directly measured the (p)ppGpp level in CF1693 carrying native or truncated Rel Mtb by feeding cells with 32 P orthophosphoric acid in a defined medium, and nucleotide pools were analyzed by resolving them on TLC plate (Fig. 2c) . Results obtained from all these in vivo assays allowed us to determine convincingly that the 188-430 amino acid residues (243 amino acids long) constitute the minimal RSD region of Rel Mtb with (p)ppGpp synthetic activity (Fig. 2b, c ). However, it was observed that the activity of this minimal (p)ppGpp synthetase region of the Rel Mtb is reduced compared to the full-length Rel Mtb (Fig. 2) . Bioinformatically, it has been shown that the RSD (Fig. 2b) . In these constructs, the C-terminal amino acid position was kept constant and progressive deletions were made from the N-terminal region of Rel Mtb . Our experimental results suggest that the N-terminal boundary of the RSD might start at least from the amino acid position 188 instead of bioinformatically predicted position 293. In other words, this extra stretch of amino acids of the N-terminal portion may be needed for proper (p)ppGpp synthetic activity. Similarly, we attempted to determine the C-terminal boundary of the minimal fragment retaining its (p)ppGpp synthetic activity and found that partial deletion of this region (pBRel Mtb 188-390) of RSD led to complete loss of (p)ppGpp synthetic activity (Fig. 2b) (Fig. 2d ). We observed distinct spot of pppGpp when purified Rel Mtb proteins were used under in vitro condition (Fig. 2d ). This is expected when GTP is used as a substrate as reported earlier Sajish et al. 2009 ). It is important to note that ppGpp spot may arise due to minor contamination of GDP molecules in the pool of GTP as reported earlier Sajish et al. 2009 ). In sharp contrast, under in vivo condition the major product was ppGpp (Fig. 2c ). This is due to the presence of endogenous pppGpp phosphohydrolase activity of GppA enzyme in E. coli cells, which hydrolyzes the 5′ terminal γ-phosphate of pppGpp and leads to accumulation of ppGpp. Altogether, our in vivo results were further confirmed by in vitro experimental results.
We also attempted to detect P BAD promoter-driven expressions of Rel Mtb and its truncated versions including . Thin spots of pppGpp were detected in all strains examined except CF1693(pBAD24) and CF1693(pBRel . d In vitro (p)ppGpp synthesis assay. Reaction mixture contained GTP and [γ-32 P]-ATP with purified Rel Mtb or its representative truncated fragments (see details in the text). In one reaction, all components were added except purified protein and it was used as a negative control (no protein marked lane). Purified proteins used were as follows: full-length Rel Mtb , Rel Mtb fragments carrying amino acids 188-430 (Rel Mtb 188-430) and 195-446 (Rel Mtb 195-446) as indicated. Labeled nucleotides were separated by TLC, and (p)ppGpp spots were detected by autoradiography. Contaminant present in radioactive material is also indicated nonfunctional derivatives in CF1693 background; however, despite using different concentrations of arabinose (0.01, 0.1 and 0.2 %) or induction time, we failed to detect any of these proteins (data not shown). This could be due to P BAD -mediated low expression of these proteins in E. coli (p)ppGpp 0 cells of CF1693.
Identification of amino acid residues of Rel Mtb critical for (p)ppGpp synthetase activity After determining the minimal functional RSD of Rel Mtb , we concentrated on the conserved amino acid residues of this region, which might be critical for its (p)ppGpp synthetase activity. First, we compared the amino acid sequences of RSDs of Mtb and other organisms, namely M. smegmatis, Streptococcus mutans, Staphylococcus aureus, Bacillus subtilis, E. coli and Arabidopsis thaliana to find out conserved amino acid residues (Fig. 3) . For comparison, we also included the amino acid sequence of the putative RSD of the rv1366 gene product of Mtb (Fig. 3) . Interestingly, all these sequences showed substantial conservation of amino acids among which we selected seven highly conserved residues for further experimental analysis (Fig. 3) . The names and original positions (in parentheses) of all seven residues in WT Rel Mtb are as follows: arginine (294), aspartic acid (317), tyrosine (352), tyrosine (361), histidine (365), glutamic acid (377) and glutamine (379). Each of these amino acids was subjected to SDM analysis. The original and the substituted residues along with (p)ppGpp synthetase activity of Rel Mtb derivatives are summarized in Table 3 . We assessed (p)ppGpp synthetase activity of each of the mutant alleles of rel Mtb through expression in trans in the E. coli (p)ppGpp 0 strain CF1693 and monitoring their growth on M9M agar plate. As controls, E. coli WT strain CF1648 and CF1693 carrying the plasmid pBRel Mtb were always used. It was found that except tyrosine residue at position 352, all other selected amino acids are indispensable for Rel Mtb (p)ppGpp synthetase activity because their substitutions do not complement CF1693 growth on M9M agar (Fig. 4a ). The failure of growth complementation was due to lack of (p)ppGpp synthetic activity of mutated Rel Mtb , and it was further confirmed by measuring (p)ppGpp levels of complemented cells (Fig. 4b) . For further confirmation, a representative mutant protein Rel Mtb D317A was expressed and purified using the construct pERel Mtb D317A ( Table 1) . As expected, the purified mutant protein Rel Mtb D317A failed to show (p)ppGpp synthetase activity under in vitro assay condition (Fig. 4c ). The rv1366 gene encoded RSD lacks (p)ppGpp synthetic activity
After characterization of in vivo and in vitro (p)ppGpp synthetic activity of Rel Mtb , we sought to evaluate the (p)ppGpp synthetic activity of Rv1366, an uncharacterized SAS-like protein of Mtb with a putative RSD. We cloned the ORF of rv1366 under P BAD promoter of the vector pBAD24, and the recombinant plasmid pBRv1366 ( Table 1 ) was introduced in CF1693 (Table 1) . However, CF1693(pBRv1366) was unable to grow on M9M agar plate while the E. coli control strains, CF1648 and CF1693(pBRel Mtb ), showed optimal growth (Fig. 1a ). We have also carried out TLC analysis to detect (p)ppGpp production by the strain Autoradiogram showing synthesis of (p)ppGpp by CF1693 cells of E. coli expressing various site-directed mutant forms of Rel Mtb proteins in trans. In vivo labeling of nucleotides was done as described in Materials and methods section. Bacterial strains used were as follows: CF1693(pBRel Mtb ), CF1693(pBRel Mtb R294H), CF1693(pBRel Mtb D317A), CF1693(pBRel Mtb Y361F), CF1693(pBRel Mtb H365R), CF1693(pBRel Mtb E377Q), CF1693(pBRel Mtb Q379E) and CF1693(pBRel Mtb Y352F). The ppGpp spot is indicated in the left margin. c In vitro pppGpp synthesis assay. Reaction mixture contained GTP and [γ-32 P]-ATP with purified Rel Mtb or its representative site-directed mutant protein Rel Mtb D317A as indicated (see details in the text). Reaction mixture containing purified Rel Mtb or without any protein served as a positive or negative control, respectively. Contaminant nucleotide present in the commercially available [γ-32 P]-ATP is indicated. Labeled nucleotides were separated by TLC, and pppGpp spot was detected by autoradiography CF1693(pBRv1366), if any. Such analysis also showed no (p)ppGpp synthesis by the strain CF1693(pBRv1366) as shown in Fig. 1b . To rule out transcriptional deficiency, we cloned the same ORF under IPTG-inducible promoter of pET15b (pERv1366; Table 1 ), expressed Rv1366 protein, purified it and did in vitro (p)ppGpp synthesis assay. In this case, also no (p)ppGpp synthesis was detectable in our hands (data not shown). Altogether, our experimental evidences strongly suggest that most likely the rv1366 gene product is naturally nonfunctional so far (p)ppGpp synthesis is concerned.
Discussion
Modulation of intracellular (p)ppGpp level is crucial for survival as well as optimal growth of prokaryotes, and thus, it is also critical for bacterial pathogenesis and dormancy. Bacterial cells initiate SR during nutrient and energy limitations by accumulating elevated levels of (p)ppGpp, and it is reversed when cells sense decreased level of (p)ppGpp. In Mtb, (p)ppGpp synthesis and degradation are carried out by the bi-functional enzyme Rel Mtb . The N-terminal half of Rel Mtb harbors HD and RSD regions and involved in both hydrolysis and synthesis of (p)ppGpp, respectively. We constructed several truncated rel Mtb derivatives, and functional analysis of each of them was done in a (p)ppGpp null E. coli strain CF1693. CF1693 is unable to grow on M9M medium if amino acids are not added as supplements. Presence of basal level of (p)ppGpp helps E. coli cells to overcome the amino acid auxotrophy and grow on M9M in absence of amino acids. This growth complementation assay was extensively used to determine the minimal region of rel Mtb housing (p)ppGpp synthetic activity and the function of the rv1366 gene coding for a putative (p)ppGpp synthetase belonging to the SAS family. Since E. coli and Mtb are not genetically related, we replaced the rel Mtb native promoter with an arabinose inducible promoter P BAD . Expression of rel Mtb and its truncated derivatives was modulated using optimized concentration of arabinose.
Previously, Avarbock et al. (2005) cloned, expressed and purified several C-terminally truncated Rel Mtb fragments and did in vitro (p)ppGpp synthesis assay using these purified Rel Mtb fragments. They showed that deletion of about 300 amino acids from the C-terminal had similar (p)ppGpp synthetase activity like that of full-length Rel Mtb protein. However, deletion of about 535 amino acid residues from the C-terminal led to inactivation of (p)ppGpp synthetase activity of Rel Mtb . Finally, they generated N-and C-terminally truncated Rel Mtb fragments and showed that 308 amino acids long fragment containing RSD was able to synthesize (p)ppGpp using an in vitro assay system. In this study, we have generated a 243 amino acid fragment (positions 188-430) of the RSD region of Rel Mtb , which retained (p)ppGpp synthetase function although its activity was compromised (Fig. 2) .
Since (p)ppGpp is an important intracellular signaling molecule in Mtb (Dahl et al. 2003; Klinkenberg et al. 2010; Rittershaus et al. 2013) , it is indeed essential to know what are the essential amino acids of Rel Mtb for maintaining its function, which may ultimately help in developing inhibitory therapeutic agents against its enzymatic activity and may be used for therapeutic purposes. In this regard, it is noteworthy that Wexselblatt et al. (2012) have recently reported about development of such a kind of agent, called relacin, which inhibits (p)ppGpp synthetase activity and reduces (p)ppGpp production under in vivo condition. Through modeling, it has been shown that relacin binds to the RSD region and it occupies a substantial volume of the binding pocket leading to formation of hydrogen bonds and hydrophobic interactions, which may be considered for structural basis of inhibition by this agent. However, currently it is not clear which amino acids of the RSD region are interacting with relacin. Thus, information regarding functionally important conserved amino acids of RSD of Rel proteins is highly desirable. We found that RSD sequences of Rel proteins of diverse organisms including Rel Mtb and Rv1366 are highly conserved (Fig. 3 ). However, despite high conservation of the RSD sequence of Rv1366, it is unable to synthesize (p)ppGpp as discussed above (Fig. 1) . Previously, Avarbock et al. (2005) have identified only two functionally important amino acid residues of the RSD of Rel Mtb . In this study, essentiality of six amino acid residues, namely Arg-294, Asp-317, Tyr-361, His-365, Glu-377 and Gln-379, located in the RSD region of Rel Mtb , were identified by SDM approach (Fig. 4) . have shown that the corresponding amino acids Asp-264, Tyr-308, His-312 and Glu-323 are essential for (p)ppGpp synthetase activity of the Rel Seq protein. Our experimental results using Rel Mtb are thus consistent with the findings of , and it appears that these conserved amino acids are truly critical for maintaining catalytic activity of any Rel protein. The side chain of Arg-241 of Rel Seq has been predicted to be important in coordinating with the β-and γ-phosphates of ATP, the donor of pyrophosphate group ), and we have experimentally showed here that the mutation of this corresponding Arg-294 of Rel Mtb leads to complete loss of (p)ppGpp synthetase activity ( Fig. 4) . It is interesting to note that mutation of Tyr-352 of Rel Mtb has very little effect on (p)ppGpp synthetase activity ( Fig. 4) although this amino acid is highly conserved among different RSH of diverse organisms except in Rv1366 of Mtb (Fig. 3 ). We observed that mutation of the Glu-379 residue of Rel Mtb led to complete loss of activity ( Fig. 4) . Altogether, the comprehensive information about essential amino acid residues of the RSD of Rel Mtb protein generated in this study is expected to help in designing improved anti-(p)ppGpp synthetase inhibitory substances in future.
During the submission process of our work, we have noticed that Weiss and Stallings (2013) , based on their in vivo experimental evidences, have reported that the deletion of rv1366 in Mtb had no effect on pathogenesis and various (p)ppGpp-related phenotypes indicating that most likely Rv1366 is not a (p)ppGpp producer. In this study, we have done both in vivo and in vitro assays and concluded that rv1366 does not encode functional (p)ppGpp synthetase. It is interesting to note that rv1366 is highly conserved only in pathogenic mycobacterial strains. Considering this information, we are not ruling out the possibility that Rv1366 may be involved in synthesizing an unknown nucleotide, which warrants further investigation.
Functional Characterization of the Stringent Response Regulatory Gene dksA of Vibrio cholerae and Its Role in Modulation of Virulence Phenotypes
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In bacteria, nutrient deprivation evokes the stringent response, which is mediated by the small intracellular signaling molecule ppGpp. In Gram negatives, the RelA enzyme synthesizes and SpoT hydrolyzes ppGpp, although the latter protein also has weak synthetase activity. DksA, a recently identified RNA polymerase binding transcription factor, acts as a coregulator along with ppGpp for controlling the stringent response. Recently, we have shown that three genes, relA, spoT, and relV, govern cellular levels of ppGpp during various starvation stresses in the Gram-negative cholera pathogen Vibrio cholerae. Here we report functional characterization of the dksA gene of V. cholerae (dksA Vc ), coding for the protein DksA Vc . Extensive genetic analyses of the ⌬dksA Vc mutants suggest that DksA Vc is an important component involved in the stringent response in V. cholerae. Further analysis of mutants revealed that DksA Vc positively regulates various virulence-related processes, namely, motility, expression of the major secretory protease, called hemagglutinin protease (HAP), and production of cholera toxin (CT), under in vitro conditions. We found that DksA Vc upregulates expression of the sigma factor FliA ( 28 ), a critical regulator of motility in V. cholerae.
Altogether, it appears that apart from stringent-response regulation, DksA Vc also has important roles in fine regulation of virulence-related phenotypes of V. cholerae. E xpression of genes in microorganisms is a highly regulated process and often involves complex genetic circuits controlling several phenotypes for their growth and survival under various environmental conditions. This is further complicated if we consider that bacteria, including pathogens in nature, are found in complex communities. Thus, signaling mechanisms in bacteria must be robust in order for them to sustain various environmental onslaughts and to survive and grow through tremendous competition with the community microorganisms in a particular niche. As a result, bacteria have evolved with multiple gene regulatory circuits to sense and combat various environmental stresses. The most important one among such adaptive responses is the stringent response, where bacterial cells undergo rapid and complex metabolic adjustments through negative and positive regulation of gene expression during nutritional starvation. The global changes in gene expression associated with the stringent response are triggered mainly by the intracellular accumulation of two small molecules called guanosine 3=-diphosphate 5=-triphosphate (pppGpp) and guanosine 3=,5=-bis diphosphate (ppGpp), together called (p)ppGpp, and are characterized by negative regulation of rRNA transcription, positive regulation of amino acid biosynthesis, readjustment of metabolic pathways according to physiological requirements, and induction of stationary-phase genes needed for survival (10) .
In Gram-negative organisms, including Escherichia coli, the products of the relA and spoT genes synthesize (p)ppGpp. However, SpoT is a bifunctional enzyme having strong hydrolyzing and weak (p)ppGpp synthetase activities (10, 32) . Although the exact mechanism is not yet clearly known, it appears that (p)ppGpp binds to a site adjacent to, but not overlapping, the active site on the ␤ and ␤ = subunits of the RNA polymerase (RNAP) core enzyme and affects gene transcription at the stage of initiation during open promoter complex formation (2, 31) . However, recent studies indicate that (p)ppGpp alone is not in-volved in the process; rather, a small protein, DksA, the product of the dksA gene, acts as a coregulator to facilitate the function of (p)ppGpp during the stringent response (39) (40) (41) . Like the relA and spoT genes, dksA is also conserved in Gram-negative bacteria (11, 41) . From a structural point of view, DksA belongs to an unusual family of transcriptional regulators, whose members do not bind directly to the regulatory part of a gene but rather bind directly to the secondary channel of RNAP (36, 39, 41) . The crystal structure of the DksA protein of E. coli indicates a globular domain and a coiled-coil structure with C 4 zinc finger motif (41) . When DksA binds directly to RNAP, two highly conserved aspartic acid residues present at the tip of the coiled-coil domain of the protein help to stabilize the (p)ppGpp-Mg 2ϩ -RNAP complex. Based on several reports, it appears that apart from participation in the stringent response, DksA is also involved in multiple cellular processes in different Gram-negative bacteria. Among these functions, the conspicuous ones are modulation of multiple gene expression (55) , quorum sensing (QS) (8, 24) , and virulence (24, 30, 33, 36, 46, 49, 55) . Most recently, it has been shown that DksA along with (p)ppGpp is directly involved in regulation of transcription of E. coli flagellar genes and ribosomal protein coding genes (27, 28) .
Although most of the DksA-related studies have so far been conducted in E. coli, at present our knowledge regarding how DksA modulates different gene functions in pathogens is limited.
Previously we functionally characterized the relA and spoT genes of Vibrio cholerae (13, 14, 20, 38) , a Gram-negative bacterium and the causative agent of the severe diarrheal disease cholera. We discovered that apart from the canonical relA and spoT genes, this pathogen also possesses a novel (p)ppGpp synthetase gene, relV (14) , and thus (p)ppGpp metabolism is quite complex in this organism. However, very little information is currently available about the function of V. cholerae DksA (DksA Vc ). This study aims to explore further the role of DksA Vc in the stringent response. Since DksA in other enteric pathogens has been reported to be involved in regulation of pathogenicity, we wanted to check this possibility in the case of V. cholerae. Regulation of virulence genes in V. cholerae is quite complex, and several positive and negative regulators are involved in the process. Among these regulators, HapR, the master regulator of QS, plays a crucial role since virulence gene expression in this pathogen is QS dependent (56) . At low cell density (LCD), when the cellular HapR level is low, expression of major virulence determinants, such as cholera toxin (CT)-, toxin-coregulated pilus-, and biofilm formation-related genes, is upregulated. Furthermore, at this condition, the cellular level of cyclic diguanylic acid (c-di-GMP), the newly identified second messenger, also remains high (19, 53) . In contrast, at high cell density (HCD), the intracellular HapR concentration is increased, leading to repression of the above-described processes and upregulation of expression of the hemagglutinin protease gene hapA, which codes for the major protease HAP of V. cholerae. Several reports indicate that HAP is most likely involved in V. cholerae's pathogenesis program (7, 16, 35, 47) , including its role in detaching adhered V. cholerae cells on intestinal epithelial cell surfaces.
To study the function of DksA Vc , the dksA gene locus ( J. Craig Venter Institute annotation no. VC0596) was identified bioinformatically using the genome sequence information of the V. cholerae O1 El Tor strain N16961 (21) . The gene was cloned and manipulated further to construct chromosomally deleted nonpolar ⌬dksA Vc strains. As with the E. coli ⌬dksA mutant (⌬dksA Ec ), ⌬dksA Vc mutant cells exhibited poor growth in M9 minimal (M9M) medium and sensitivity toward 3-amino-1,2,4-triazole (AT). However, unlike the case with E. coli, the ⌬dksA Vc mutant showed growth in serine-, methionine-, glycine-, and leucine (SMGL)-containing M9M medium. Furthermore, the ⌬dksA Vc mutant gave the following virulence-related phenotypes compared to its wild-type (Wt) strain: (i) decreased HAP production, (ii) decreased motility, and (iii) poor production of CT under in vitro conditions. The results clearly indicate that along with the stringent response, several other genes of V. cholerae, involved in pathogenicity, dissemination, and persistence in the environment, are also controlled by the circuit of the DksA Vc regulome.
( 
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Details of recombinant plasmid and strain constructions are provided in Supplement S1 in the supplemental material. Both E. coli and V. cholerae cells were routinely grown in Luria broth (LB) (Difco) at 37°C with shaking essentially as described previously (20) . For plate culture, LB was used with 1.5% agar (Difco). Antibiotics (all from Sigma-Aldrich) were used at the following concentrations unless otherwise indicated: ampicillin, 100 g/ml; streptomycin, 100 g/ml; kanamycin, 40 g/ml; spectinomycin, 50 g/ml; tetracycline, 10 g/ml for E. coli and 1 g/ml for V. cholerae. In some experiments, bacterial cells were grown in M9M medium (Sigma-Aldrich) containing 0.4% glucose as a carbon source (13) . The Wt E. coli strain CF1648 (MG1655) ( Table 1 ) has a frameshift mutation in the RNase PH-coding gene, leading to a weak requirement of uracil for its growth in M9M (23) . It has been reported that the situation was further aggravated after deletion of the dksA gene of MG1655 (strain CF9240) ( Table 1) , which is then unable to grow in M9M without uracil (9) . Therefore, we added 20 g/ml of uracil (SRL Pvt. Ltd., India) as a supplement in M9M agar plates for growing the ⌬dksA Ec strain. Bacterial strains were maintained at Ϫ70°C in LB containing 20% sterile glycerol. To avoid development of any suppressor, all the mutant strains were minimally subcultured, and before any experiment they were directly inoculated from Ϫ70°C stock. The growth of bacterial culture was monitored spectrophotometrically by measuring the optical density at 600 nm (OD 600 ). The growth kinetic experiments were repeated at least three to five times, and their average values were plotted.
Molecular biological methods. Standard molecular biological methods (3) for chromosomal and plasmid DNA preparations, electroelution of DNA fragments, restriction enzyme digestion, DNA ligation, bacterial transformation, conjugation, agarose gel electrophoresis, etc., were followed unless stated otherwise. All restriction enzymes and nucleic acidmodifying enzymes were purchased from New England BioLabs, Inc., and were used essentially as directed by the manufacturer. Electrocompetent V. cholerae cells were prepared as described previously (13) . Transformants were selected by plating transformed cells on LB agar plates containing appropriate antibiotics.
AT and SMGL tests. Sensitivity of bacterial strains toward the histidine analogue AT or in SMGL medium was examined essentially as described previously (13, 14) . When needed, the amino acid L-histidine (Sigma-Aldrich) was added (4 g/ml) to the AT medium.
Determination of intracellular (p)ppGpp by TLC. Intracellular accumulation of (p)ppGpp under amino acid or glucose starvation in various strains, including the ⌬dksA Vc mutant, was determined by the thin-layer chromatography (TLC) method essentially as described previously (13, 14, 20) .
RT-PCR and qRT-PCR assays. For reverse transcriptase PCR (RT-PCR) and quantitative RT-PCR (qRT-PCR) assays, total cellular RNA was prepared from bacterial cells grown in LB to an OD 600 of ϳ1 using TRIzol reagent (Invitrogen) as described by the vendor. The purity check and quantitation of the prepared RNA were done spectrophotometrically (3). A standard RT-PCR experiment was carried out using the Qiagen One
Step RT-PCR kit as directed by the manufacturer (Qiagen, Germany) . The PCR-amplified product was checked by agarose gel electrophoresis using appropriate DNA size markers. To confirm absence of any contaminating DNA in prepared RNA samples, PCR assay of each sample was also done with Taq DNA polymerase (Invitrogen). Lack of amplification in the absence of RT confirmed that the desired PCR product was generated only from cDNAs.
For qRT-PCR, cDNA was prepared from 1 g of DNase I-treated RNA using SuperScriptIII RT (Invitrogen) essentially as described by the manufacturer. The qRT-PCR was done using either Power SYBR green PCR master mix (Applied Biosystems Inc.) or the One Step SYBR PrimeScript RT-PCR kit (TaKaRa, Japan) essentially as described by the manufacturer. The primer sets FliA-F/FliA-R and HapA-F/HapA-R (see Table S1 in the supplemental material) were used for qRT-PCR analysis. Relative expression values (R) were calculated using the equation R ϭ 2 Ϫ(⌬C T target Ϫ C T reference) , where C T is the fractional threshold cycle. In each experiment, as an internal control, the recA-specific primers recA-F/ recA-R (see Table S1 in the supplemental material) were used. The experiments were repeated at least thrice using three different batches of prepared RNA.
Motility assay. Motility assay of V. cholerae strains was performed on LB soft-agar plates containing 0.3% agar (Difco) at 30°C as described previously (18) , and a reading was taken after 8 to 10 h of incubation. Experiments were repeated at least thrice, and the average values were used.
HAP assays. HAP activity was studied by milk plate assay as described previously by Vance et al. (51) . Each strain was examined thrice by milk plate assay, and an average was taken. HAP was also quantitated by azocasein assay as described previously (4) . The amount of enzyme required for increasing 0.01 units in OD at 440 nm per hour was considered one azocasein unit. GM 1 -ELISA of CT. For detection of CT production by V. cholerae strains under in vitro conditions, the cells were grown in AKI medium (1.5% Bacto peptone [Difco], 0.4% yeast extract [Difco], 0.5% NaCl [Merck], and 0.3% sodium bicarbonate [Sigma-Aldrich]) essentially as described earlier by Iwanaga et al. (22) . V. cholerae cells were initially grown statically in a test tube containing freshly prepared AKI medium at 37°C for 4 h, and then the culture was aseptically transferred to a sterile conical flask, followed by continuation of incubation overnight at 37°C with shaking (22) . CT present in culture supernatant was assayed by GM 1enzyme linked immunosorbent assay (ELISA) (29, 34) using pure CT (Sigma-Aldrich) and phosphate-buffered saline (10 mM, pH 7.2) as positive and negative controls, respectively. A standard curve of known CT concentrations was plotted and used to estimate the amount of CT present in each sample.
Assessment of CT production by rabbit ileal loop assay.
In vivo CT production by V. cholerae strains, including mutants, was assayed by using the ligated rabbit ileal loop model essentially as described previously (15) . Fluid accumulation (FA) in the ligated ileal loop was measured as the ratio of loop fluid volume to loop length and expressed as ml/cm, and an FA ratio of 1 or more than 1 was considered high production of CT under in vivo conditions. In all experiments, sterile 0.9% NaCl (normal saline) was used as a negative control, and as a positive control, Wt V. cholerae N16961 (Table 1) live culture was used. Each strain was tested at least thrice in three different animals. The experimental protocol used in this study was reviewed and approved by the institutional animal ethics committee of Indian Institute of Chemical Biology, Kolkata, India.
SEM. For microscopy, the V. cholerae sample was prepared as described previously (14, 45) , and bacterial cells were examined using a scanning electron microscope (SEM) (model Vega II Lsu; Tescan, Czech Republic) at 10 kV. The images in the figures are representative of what was observed in 10 random fields in each of two independent experiments.
DNA sequencing. DNA sequencing reactions were carried out using the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems Inc.) essentially as recommended by the manufacturer. The samples were run on an ABI3130 genetic analyzer using the Pop-7 polymer (Applied Biosystems Inc.). Results were analyzed using the software DNA Sequencing Analysis V5.1 (Applied Biosystems Inc.).
Computational analyses. DNA sequence data were compiled and analyzed by using the DNASIS software program (Hitachi Corporation, Yokohama, Japan). The National Center for Biotechnology Information (NCBI) BLASTN program was used to search for homologous sequences 
RESULTS
Functional analysis of dksA Vc . Bioinformatics analysis of the whole-genome-sequenced strain N16961 of V. cholerae (21) indicated that the large chromosome of the organism carries the dksA Vc gene with an open reading frame (ORF) of 447 bp (VC0596) having 66% identity with the sequence of the E. coli dksA gene (dksA Ec ). While dksA Ec codes for a 151-amino-acid-long DksA protein (here it will be designated DksA Ec ), DksA Vc is composed of 148 amino acids (41) , with a calculated molecular mass of about 17.2 kDa (www.jcvi.org). BLASTP (blast.ncbi.nlm.nih.gov /blast.cgi) analysis of DksA Vc showed 77.8% identity and 84.7% similarity with DksA Ec . For functional verification, the identified dksA Vc gene of the strain N16961 (Table 1 ) along with its natural promoter was cloned into the plasmid pBR322 or pDrive (Table  1) , and the recombinant plasmid was designated pDksA Vc or pDDKW1 (Table 1) , respectively. Brown et al. (9) previously reported that a ⌬dksA Ec strain is unable to grow in M9M medium, which is identical to the phenotype of an E. coli ⌬relA ⌬spoT mutant (ppGpp 0 strain). Introduction of the plasmid pDDKW1 into the ⌬dksA Ec strain CF9240 ( Table 1 ) enabled growth of the strain in M9M salt solution, although at a lower rate than that of the Wt (Fig. 1A) . On the other hand, CF9240 complemented with the dksA Ec gene through the plasmid pJK537 (Table 1) showed better growth in M9M medium than the dksA Vc -complemented strain. However, after 24 h of incubation, both CF9240(pDDKW1) and CF9240(pJK537) reached to an OD 600 value similar to that of the Wt strain, CF1648 (Fig. 1A) . In sharp contrast, CF9240 carrying the empty vector failed to grow in M9M salt solution (Fig. 1A) . We have also verified the growth of these strains in M9M agar plates after 18 to 24 h of incubation and found that only the Wt, ⌬dksA Ec strain carrying the plasmid pDDKW1, pDksA Vc , or pJK537 could grow (data not shown). The complementation results are consistent with those reported earlier (9) . Furthermore, the experimental results support that the promoter P dksA of V. cholerae and the DksA Vc protein both are functional in E. coli.
To define the functions of DksA Vc in more detail, in-frame dksA deletion mutants of N16961 (lacking hapR function) and C6709 (hapR ϩ ) were constructed by the positive selection method using the kanamycin resistance gene (kan) as a marker (see Supplement S1 in the supplemental material), and the ⌬dksA Vc mutants thus constructed were designated N-DksA1 and C-DksA1 (Table 1) , respectively. Since the two mutants showed almost similar phenotypes, here they will be collectively called the ⌬dksA Vc mutants unless mentioned otherwise. Brown et al. suggested that dksA Ec could be present in an operon with the flanking genes sfsA and yadB (9) . Preliminary examination of the dksA Vc locus (VC0596) appears to be organized in a similar fashion, where VC0597 and VC0595 are the sfsA and yadB genes, respectively (Fig. 1B) . However, BioCyc analysis (http://biocyc.org/vcho/new -image?typeϭgene&objectϭvc0596) of the locus predicted that the gene dksA Vc could alone be a single transcriptional unit. Therefore, to confirm that deletion of the dksA Vc gene in strain C-DksA1 had no polar effect, we examined the transcript levels of two physically linked genes, yadB (VC0595) and pcnB (VC0594), present downstream of dksA Vc (VC0596) by employing the RT-PCR method using the specific primer sets VCO595-F/VC0595-R and PcnB-F/PcnB-R (see Table S1 ), respectively. While in both cases the desired cDNA of sizes 0.5 and 0.3 kb of yadB and pcnB, respectively, was generated, no cDNA was detectable for the dksA Vc gene using the specific primers Dksint-F/Dksrt-R (see Table S1 ), as shown in Fig. 1C . Similar results were obtained in the case of the N-DksA1 mutant strain (data not shown), indicating a similar arrangement of the locus in both V. cholerae strains used. The results confirmed the authenticity of deletion of the dksA Vc gene, and such deletion most likely had no polar effects on its downstream genes.
Initially, we checked cellular levels of (p)ppGpp in the ⌬dksA Vc mutant under amino acid-or glucose-starved conditions using the TLC method and found no significant change in the concentration of (p)ppGpp compared to that for the Wt (data not shown). This result is consistent with the report of Brown et al. (9) , who found similar levels of (p)ppGpp in the ⌬dksA Ec and Wt strains. To analyze other phenotypes of the ⌬dksA Vc strain, we first compared its growth in nutritionally rich (LB) and poor (M9M) media. The ⌬dksA Ec mutant is unable to grow in M9M medium (Fig. 1A) , but it grows as does the Wt in LB (9; this study). Although the ⌬dksA Vc mutant showed no growth defect in LB ( Fig. 2A) , there was significant growth retardation in M9M medium for ϳ5 h compared to growth of the Wt (Fig. 2B) . The growth defect of the ⌬dksA Vc strain in M9M medium was partially corrected by expressing the DksA Vc or DksA Ec protein in trans through the plasmid pDDKW1 or pJK537 (Table 1) , respectively, but not by the empty vector (Fig. 2B ). To rule out the possibility that growth of the ⌬dksA Vc strain and the ⌬dksA Vc strain carrying the empty vector after overnight incubation was due to development of any suppressor, each overnight-grown culture was reinoculated separately into fresh M9M medium and their growth was monitored spectrophotometrically. Both of them showed growth patterns with ϳ5 h of an extended lag period, suggesting that they are indeed the ⌬dksA Vc mutant and not a suppressor (data not shown). The results support the view that the growth defect is due to a lack of the DksA Vc protein and not to the polar effect of deleting the gene. This further suggests that DksA Ec is functional in V. cholerae. We have already provided evidence that DksA Vc is functional in E. coli, and thus, functions of the DksA protein in this respect appear to be conserved between the two species.
It has been reported that DksA Ec is crucial for the function of (p)ppGpp and it acts as a cofactor by binding with the secondary channel of RNA polymerase, leading to positive regulation of amino acid biosynthesis operons (40) . When ⌬dksA Vc cells were grown in M9M medium supplemented with all the amino acids, the mutant showed a growth pattern similar to that of the Wt (data not shown), which supports that a lack of DksA Vc probably leads to downregulation of amino acid biosynthesis operons even when the cells are RelA ϩ SpoT ϩ , i.e., cells are (p)ppGpp ϩ . It is interesting to note that the ⌬dksA Ec strain CF9240 failed to grow in M9M medium even after overnight incubation at 37°C (Fig. 1A) . In sharp contrast, the ⌬dksA Vc strain showed initiation of growth in M9M medium after ϳ5 h of incubation at a similar temperature and reached saturation (OD 600 Ͼ 1.8) after overnight (16 h) incubation (Fig. 2B) . Similar results were obtained when the growth phenotype of the ⌬dksA Vc mutant was compared with that of the ⌬dksA Ec strain along with appropriate control strains using an M9M agar plate assay (Fig. 3) . Similarly, we also checked the growth sensitivity of ⌬dksA Vc cells toward AT and SMGL. The principal effect of AT (a histidine analog) is blockage of biosynthesis of the amino acid histidine (44) . It has been demonstrated that the ⌬dksA Ec strain is unable to grow on AT medium (9) . Although AT sensitivity could be overcome by an adequate amount of (p)ppGpp synthesis (54) , as in the case of the Wt, it should be noted that the ⌬dksA Ec strain is a (p)ppGpp ϩ strain and still failed to grow in AT medium. In SMGL agar plates the growth of a (p)ppGpp 0 strain is inhibited due to increased intracellular levels of methylenetetrahydrofolate (44, 50) . This inhibitory effect of methylenetetrahydrofolate could also be overcome by optimal cellular levels of (p)ppGpp. According to Paul et al. (40) , DksA and (p)ppGpp act synergistically to regulate the transcription of various amino acid biosynthetic pathway genes during the stringent response. Therefore, the ⌬dksA Ec strain should be sensitive to AT and SMGL. When these assays were performed with appropriate controls, interestingly, ⌬dksA Vc cells were able to grow in SMGL-containing ( Fig. 3) but not in AT-containing ( Fig. 4) medium. This difference in growth phenotypes between the ⌬dksA Ec and ⌬dksA Vc strains in M9M and SMGL media could be explained as follows. It has recently been shown that the V. cholerae genome carries a novel (p)ppGpp synthetase gene, relV, apart from the canonical relA and spoT genes (14) . We hypothesize that this could be due to the presence of the relV gene in V. cholerae, which probably helped ⌬dksA Vc cells to overcome growth defects in M9M/ SMGL medium through optimal production of (p)ppGpp. In favor of this hypothesis, one piece of indirect evidence is that E. coli lacks a relV-like gene and thus accumulation of excess (p)ppGpp is not possible although the cells are RelA ϩ and SpoT ϩ , and probably for this reason, the ⌬dksA Ec strain failed to grow in SMGL/ M9M medium. If this is the case, then a V. cholerae ⌬dksA ⌬relV double mutant, like the ⌬dksA Ec strain, will not be able to grow in SMGL/M9M medium. Therefore, we constructed a V. cholerae ⌬dksA ⌬relV double mutant strain, NRVDK2 (Table 1 ; see also Supplement S1 in the supplemental material), which, as hypothesized, failed to grow in M9M and SMGL (Fig. 3) media. It is to be noted that like the ⌬dksA Vc mutant, NRVDK2 was unable to grow in AT medium (data not shown), and in this respect it behaved just like the ⌬dksA Ec strain. It may be argued that the supplying of functional relV in ⌬dksA Ec cells in trans may allow the strain to behave like a ⌬dksA Vc strain. When the ⌬dksA Ec strain CF9240 was transformed with the plasmid pRelV BAD (Table 1) carrying the relV ORF under the arabinose-inducible promoter (P BAD ), as rationalized, the strain CF9240(pRelV BAD ) showed growth on M9M and SMGL agar media, while CF9240 carrying the empty vector pBAD24 failed to grow (Fig. 3 ). On the other hand, AT sensitivity of the ⌬dksA Vc mutant [a (p)ppGpp ϩ strain] could be due to the lack of the DksA Vc protein, which seems to be essential for upregulation of the his operon of V. cholerae. Therefore, we thought that supplementation of histidine in AT medium should rescue the ⌬dksA Vc mutant from histidine auxotrophy. In fact, the ⌬dksA Vc mutant showed growth in AT agar medium containing the amino acid L-histidine, as shown in Fig. 4 . This is also true for E. coli, since the ⌬dksA Ec strain showed growth in an L-histidine-containing AT agar plate (Fig. 4) .
DksA Vc is required for optimal production of HAP. After establishing the function of DksA Vc in stringent-response-related phenotypes, we wished to study further its role, if any, in virulence-related phenotypes. We found that the dksA Vc -deleted strain C-DksA1 produced a 3-fold smaller amount of HAP after 24 h of growth than its parent HapR ϩ HapA ϩ DksA ϩ Wt strain, C6709 (Fig. 5A ). Furthermore, the qRT-PCR assay with the hapA genespecific primers HapA-F/HapA-R (see Table S1 in the supplemental material) revealed a ϳ5-fold decrease in the hapA transcript level in the C-DksA1 mutant with respect to that for the Wt strain, C6709 (Fig. 5B) . The result was also consistent with the direct measurement of HAP in culture supernatant by azocasein assay (Fig. 5A) . It is well established that HAP is produced at stationary phase under HCD conditions (4) . We found that HAP in the culture supernatant of the Wt strain is detectable after6hofgrowth and reached its maximum concentration in overnight stationary culture, as shown in Fig. 5A . However, when the C-DksA1 (⌬dksA Vc ) mutant strain was similarly tested, it showed a distinct shift in the timing of HAP production (from 8 h of growth), and the amount produced was also substantially less in a saturated culture than with the Wt strain, C6709 (Fig. 5A ). Expression of DksA Vc in trans through the plasmid pDksA Vc in the C-DksA1 strain partially complemented the mutant phenotype and thus provided further evidence that the downregulation of HAP production in C-DksA1 was probably due to the lack of the DksA Vc protein (Fig. 5A) . This is further supported by the fact that C-DksA1 carrying the empty vector pBR322 failed to complement (Fig. 5A ). DksA Vc positively regulates motility. Recently Åberg et al. (1) reported that E. coli cells deficient in DksA Ec are hyperflagellated, leading to hypermotility, and this observation was further supported by the work of Lemke et al. (27) in analyzing transcription of the flagellar biosynthesis genetic cascade. Ö sterberg et al. (37) reported that dksA deletion leads to a decrease in motility in another Gram-negative bacterium, Pseudomonas putida. In this study, unlike the case with E. coli, the ⌬dksA Vc strain showed about a 30% reduction in motility in a soft-agar plate assay, considering the motility of a Wt strain as 100% (Fig. 6A ). Since the decreased motility of the ⌬dksA Vc strain was complemented by expressing DksA Vc in trans through the plasmid pDksA Vc (Fig. 6A) , it may be concluded that DksA Vc is involved in regulation of motility of V. cholerae.
Motility-related flagellar gene expression in V. cholerae is highly complex, and there are four distinct levels (class I to IV) of the gene regulation cascade (43) . As with the QS pathway, several motility genes are transcribed with the help of sigma factor RpoN, or 54 (25, 43) . The master regulatory gene (class I category) is flrA, the product of which in the presence of 54 RNA polymerase holoenzyme activates several class II genes, including flrC and fliA (which codes for sigma factor 28, or 28 ). FlrC, with the help of the 54 holoenzyme, promotes expression of the class III genes, including the flagellin gene flaA. Finally, the 28 RNA polymerase holoenzyme promotes expression of the class IV genes, including the flagellar motor component genes motABY (43) . It is noteworthy that unlike the V. cholerae ⌬rpoN and ⌬fliA mutants (both of which are nonmotile), the ⌬dksA Vc mutant strain showed motility (decreased from that of the Wt) as revealed by a soft agar assay (Fig. 6A ). Furthermore, SEM analysis of the Wt and the ⌬dksA Vc mutant showed the presence of a single polar flagellum in more than 90% of cells ( Fig. 6B ), suggesting normal flagellation of both the strains. Interestingly, SEM analysis revealed distinct elongated morphology of ⌬dksA Vc cells compared to that of the Wt (Fig. 6B ). Since ⌬dksA Vc cells were hypomotile with their intact flagella, this suggested that flagellar motor gene functions are most probably affected, instead of functions of genes related to flagellar synthesis. As mentioned above, expression of the flagellar motor component genes motABY in V. cholerae is controlled by the sigma factor fliA, or 28 (43) . In other bacteria, DksA has been shown to be involved in regulation of expression of 28 (12, 27) . Therefore, we hypothesize that DksA Vc may carry out a similar function. To examine this, we performed qRT-PCR experiments by using total cellular RNA of the ⌬dksA Vc mutant along with the Wt as a control, and the result indicated about a 2-fold downregulation of expression of the 28 gene in the ⌬dksA Vc genetic background (Fig. 6C ). Thus, it seems that DksA Vc is most likely needed for optimal expression of 28 of V. cholerae. To further confirm, the fliA ORF (21)ofV. cholerae was cloned under an arabinose-inducible promoter, generating the plasmid pFliA BAD (Table 1 ) (see Supplement S1 in the supplemental material) and introduced into the ⌬dksA Vc strain. Controlled expression of FliA ( 28 ) through the plasmid pFliA BAD partially complemented the motility defect of the ⌬dksA Vc strain, while the empty vector pBAD24 or pFliA BAD without arabinose induction failed to complement (Fig. 6D) . Thus, it appears that DksA Vc positively regulates 28 for its optimal expression. DksA Vc modulates CT production under in vitro conditions. Since DksA Vc appears to be involved in modulation of expression of HAP as well as regulation of motility, both of which are pathogenicity-related phenomena, we checked the status of production of CT, the principal virulence factor of V. cholerae,in⌬dksA Vc cells. To do this, both ⌬dksA Vc and its isogenic Wt strain were grown in CTinducing AKI medium (for details, see Materials and Methods), and the amount of CT produced was measured by GM1-ELISA. Interestingly, the ⌬dksA Vc strain produced significantly less CT than the Wt (Fig. 7 ). Since this observation is true for both the dksA Vc mutants derived from C6709 ( Fig. 7) and N16961 (data not shown), it appears that DksA Vc most likely has a role in CT production under in vitro conditions, and this is most probably not strain specific. When the DksA Vc protein was expressed in the ⌬dksA Vc strain C-DksA1 through the plasmid pDksA BAD (Table 1) using 0.1% L-arabinose as an inducer, it complemented CT production in the mutant (Fig. 7) . A similar result was obtained when N-DksA1(pDksA BAD ) was examined (data not shown). We also wished to know whether the in vitro defect in CT production by ⌬dksA Vc mutant cells is also true in an in vivo situation. Therefore, the strains were tested for CT production in rabbit ileal loops. However, the ⌬dksA Vc mutant and the Wt showed similar FA ratios (for details, see Materials and Methods) of about 1.2 ml/cm, indicating in vivo induction of an unknown factor(s), which could easily overcome the lack of DksA Vc . These results support the view that the signaling cascade in CT production by V. cholerae differs under in vitro and in vivo conditions (26) . 
DISCUSSION
In the present study, we have for the first time functionally characterized the stringent-response-related dksA gene of the cholera pathogen V. cholerae. Our experimental results suggest that DksA Vc is indeed involved in the stringent response in conjunction with (p)ppGpp. We showed that the DksA Ec and DksA Vc proteins are functionally similar and both of them are active in homologous and heterologous genetic backgrounds ( Fig. 1 and 2) . It has previously been reported from this laboratory that unlike the case with E. coli, the intracellular level of (p)ppGpp in V. cholerae is governed by three enzymes, RelA, SpoT, and RelV (14), and we have provided evidence that RelV through its (p)ppGpp synthetase activity indeed helps the ⌬dksA Vc mutant to grow in M9M salt solution or agar plate ( Fig. 2 and 3) after a certain period of lag time (ϳ5 h). This is also true in the case of SMGL agar medium ( Fig. 3) , which is not possible for the ⌬dksA Ec mutant since it naturally lacks the relV gene. This is further supported by expressing the relV gene in the ⌬dksA Ec strain, which rescued the growth defect of the mutant in M9M and SMGL media, and the strain behaved like the ⌬dksA Vc mutant (Fig. 3 ). It should further be noted that although DksA has been proposed as an essential cofactor for the action of (p)ppGpp, our experimental results suggest that most probably the cellular concentration of (p)ppGpp is crucial for bacterial growth, which might work in a DksA-independent manner. Alternatively, the RelV protein itself may be involved in the process, which needs further investigation. We found that the ⌬dksA Vc mutant failed to grow in AT medium (Fig. 4) . AT is a histidine analog and blocks protein synthesis by inhibiting histidine biosynthesis. It appears that DksA Vc is essential to overcome this inhibitory effect of AT in V. cholerae. In fact, this may be the case, since Paul et al. (40) have shown that DksA Ec is absolutely needed for upregulation of histidine biosynthesis in E. coli.
Apart from regulation of the stringent response, our experimental results also suggest for the first time that DksA Vc is likely to be involved in fine regulation of important virulencerelated phenotypes in clinical V. cholerae strains. We found that DksA Vc positively regulates HAP production ( Fig. 5) . In support of our study, it may be mentioned here that mutation in the dksA gene of P. aeruginosa, a Gram-negative organism, also led to significant downregulation of expression of the secreted elastase enzyme LasB (24), a highly homologous protein of HAP. Our results also suggest that DksA Vc positively controls expression of the critical motility regulator 28 of V. cholerae, and this could be one of the reasons for the decreased-motility phenotype showed by the DksA Vc -negative strain (Fig. 6 ). Dalebroux et al. (12) have recently reported that for flagellar morphogenesis in the Gram-negative human pathogen Legionella pneumophila, DksA is required for basal 28 promoter activity. Furthermore, it has also been shown that deletion of the dksA gene of P. putida leads to a significant motility defect (37) . Although our SEM analysis indicated normal flagellation (Fig. 6 ), we believe that downregulation of 28 expression in the ⌬dksA Vc strain possibly affected the flagellar motor functions, which are under the control of 28 (43) . In sharp contrast, recently DksA Ec has been shown to be a negative regulator of 28 expression in E. coli (1, 27) . Although the basis of these opposite activities of DksA in V. cholerae and E. coli is currently unknown, it could be due to a difference in their lifestyle.
Our study indicates that CT production under in vitro conditions is positively regulated by DksA Vc (Fig. 7) . CT production by V. cholerae cells is a highly regulated process and is QS dependent (56) . At LCD, when cellular levels of the QS master regulator HapR are low, AphA, a positive transcriptional regulator of virulence gene expression in V. cholerae, is derepressed, leading to a series of reactions which ultimately allow V. cholerae cells to express the virulence master regulator ToxT followed by production of the principal virulence factor CT. It should also be noted that the cellular level of the newly established second messenger c-di-GMP is critical for biofilm formation, virulence factor production, and motility in V. cholerae (5, 42, 48, 53) . c-di-GMP is synthesized in bacteria by the action of the GGDEF domain, containing the diguanylate cyclase enzyme, on two molecules of GTP and degraded by the EAL/HD-GYP domain, containing phosphodiesterase enzymes (17) . It should be noted that the V. cholerae genome codes for a large numbers of GGDEF/EAL domain-containing proteins (6, 17) , and thus, maintenance of the cellular level of c-di-GMP appears to be controlled by a complex regulatory network about which our current knowledge is limited. A high cellular level of c-di-GMP negatively regulates CT production and motility (5, 42, 48) , the phenotypes of the ⌬dksA Vc mutant observed in this study. In a recent study, the authors have shown that c-di-GMP regulates the production of HAP in a negative manner, because an artificial increase in the cellular c-di-GMP pool through overexpression of a diguanylate cyclase caused poor expression of HAP (52) . Thus, it cannot be ruled out that DksA Vc possibly acts as a direct/indirect negative regulator in critically maintaining the intracellular c-di-GMP pool in V. cholerae, which needs to be addressed. Our preliminary experimental results (R.R. Pal, S. Bag, S. Dasgupta, and R.K. Bhadra, unpublished observation) suggest that overexpression of a cdi-GMP-degrading phosphodiesterase (VCA0681) in the ⌬dksA Vc mutant could rescue the motility defect.
One enigma of our finding is that CT production by the ⌬dksA Vc strain is significantly reduced only under in vitro conditions and not in the in vivo situation, where DksA Vc appears to not be required (see Results), suggesting possible host-specific activation of some unknown factor(s) in overcoming the deficiency of DksA Vc . The result further indicates that our knowledge regarding signaling pathways under in vitro and in vivo conditions is extremely limited. It is plausible, however, that CT production may be needed by the pathogen when it is residing in a particular environmental niche for its protection/survival, and under that condition, DksA Vc may facilitate the process.
Last, it is noteworthy that the ⌬dksA Vc strains described in this study were not growth defective when cultivated in nutritionally rich media (Fig. 2) , and our experiments conducted to assess the virulence-related phenotypes of the ⌬dksA Vc strains were always done in nutritionally rich medium. Therefore, we believe that phenotypes shown by the ⌬dksA Vc strains are most likely due to the lack of the DksA Vc protein and not to any growth defect of cells. Altogether, this study suggests that different global regulators, namely, DksA Vc , FliA ( 28 ), etc., exert positive and negative effects on various crucial genetic circuits involved in expression of virulence determinants, including motility of the cholera pathogen, and further investigations are needed for a clear understanding of how this is achieved.
Introduction
Bacteria have immense capability to modulate their gene expression according to various environmental conditions. Among such conditions, nutrient limitation is a critical factor that determines their survival and growth. The adaptive response to nutritional stress in microbial cells leads to rapid and complex metabolic adjustments through modulation of gene expression and regulation, which is widely known as the stringent response 1 Nutritional stress elicits stringent response in bacteria involving modulation of expression of several genes. This is mainly triggered by the intracellular accumulation of two small molecules, namely, guanosine 3'diphosphate 5'-triphosphate and guanosine 3',5'-bis(diphosphate), collectively called (p)ppGpp. Like in other Gram-negative bacteria, the cellular level of (p)ppGpp is maintained in Vibrio cholerae, the causative bacterial pathogen of the disease cholera, by the products of two genes relA and spoT. However, apart from relA and spoT, a novel gene relV has recently been identiied in V. cholerae, the product of which has been shown to be involved in (p)ppGpp synthesis under glucose or fatty acid starvation in a ∆relA ∆spoT mutant background. Furthermore, the GTP binding essential protein CgtA and a non-DNA binding transcription factor DksA also seem to play several important roles in modulating stringent response and regulation of other genes in this pathogen. The present review briely discusses about the role of all these genes mainly in the management of stringent response in V. cholerae.
Key words cgtA -dksA -(p)ppGpp -relA -relV -spoT -stringent response -Vibrio cholerae the pathogen must sense and adapt to these frequent changes of various factors in their surrounding environment. Thus, the stringent response may play a critical role in survival of this microorganism under stress conditions. The abrupt global changes in gene expression associated with the stringent response are mainly triggered by the intracellular accumulation of two small molecules called guanosine γ′-diphosphate 5′-triphosphate and guanosine γ′,5′-bis(diphosphate), collectively called (p)ppGpp 1 .
Generally, in Gram-negative -proteobacteria the cytoplasmic level of (p)ppGpp is maintained by the products of two genes relA and spoT, called RelA and SpoT, respectively. While (p)ppGpp is synthesized by the RelA enzyme under amino acid starved condition, SpoT hydrolyses it 1 . However, SpoT is a bifunctional enzyme with weak (p)ppGpp synthesizing activity that can synthesize (p)ppGpp under glucose or fatty acid starved condition 1 (Fig. 1) . The biology of stringent response is extensively studied in Escherichia coli. However, recent studies on V. cholerae and also in other bacteria indicate that apart from canonical RelA/ SpoT, these organisms may code for novel (p)ppGpp synthetases. Further, recent studies indicate that an RNA polymerase-associated small regulatory protein, called DksA, and a conserved essential GTP binding protein CgtA are also involved in regulation of stringent response by modulating the activity of (p)ppGpp 1 . Since the RelA and SpoT enzymes of V. cholerae are structurally and functionally very similar to that of E. coli, the present review will primarily focus on RelV, DksA and CgtA proteins.
The relA and spoT genes of V. cholerae
Haralalka et al 2 irst demonstrated that like in E. coli, V. cholerae relA gene product is involved in (p)ppGpp synthesis. This is supported by the fact that V. cholerae relA null mutant cells failed to accumulate (p)ppGpp upon amino acid starvation. In E. coli, it has been shown that when the rate of tRNA aminoacylation does not meet the demands of protein synthesis, the ribosome associated RelA is activated 1 . The activated RelA then triggers the stringent response through conversion of GTP to (p)ppGpp, which inally leads to the rapid inhibition of syntheses of stable RNAs, ribosomes, and proteins, and ultimately arrest of cell growth. It is expected that a similar mechanism is operative in V. cholerae cells. However, unlike E. coli, V. cholerae relA mutant showed severe growth defect in M9 minimal (MM) medium lacking amino acids 2, 3 . It is known that wild type E. coli cells can grow in nutritionally poor MM medium due to synthesis of (p)ppGpp, which promotes amino acid biosynthesis operons. Thus, the growth of E. coli relA mutant in M9 medium has been explained due to the (p)ppGpp synthetic activity of SpoT 4 . It is to be noted that like E. coli, V. cholerae also possesses the spoT gene and Das et al 5 showed that the spoT gene is functional in V. cholerae. The growth defect of V. cholerae relA mutant in MM medium even in the presence of functional spoT gene could be due to activation of a gene, which codes for a novel (p)ppGpp synthetase. It appears that, in the absence of RelA, this novel (p) ppGpp synthetase most likely produces a large quantity of (p)ppGpp, which is toxic to cells.
Both RelA and SpoT proteins have similar multidomain structures and the domains from N-terminus to C-terminus are: HD [(p)ppGpp hydrolase], Rel-Spo [(p)ppGpp synthetase], TGS (named after threonyl-tRNA synthetase, GTPases and SpoT proteins where this domain is conserved) and ACT (named after acetolactate synthetase, chorismate mutase and TyrR proteins where this domain is conserved) 1,5 . Das et al 5 have demonstrated that the ACT domain of SpoT protein of V. cholerae is essential for (p)ppGpp hydrolase activity. Since E. coli SpoT has a very similar structure, it is expected that the ACT domain may play similar function in E. coli. Battesti and Bouveret 6 have shown that during fatty acid starvation (p)ppGpp synthetase activity of SpoT is regulated through an interaction of the TGS domain of the enzyme with the acyl carrier protein (ACP), a central co-factor in fatty acid biosynthesis.
Discovery of RelV
While characterizing V. cholerae ∆ relA ∆ spoT mutants, Das and Bhadra 7 provided evidence that in V. cholerae there is a probable third source of (p) ppGpp synthesis. When they tried to develop a (p) ppGpp 0 strain by deleting relA and spoT, the double mutant still produced suficient (p)ppGpp under glucose or fatty acid starved condition 5, 7 . In contrast to this observation, E. coli ∆relA ∆spoT mutant is phenotypically a (p)ppGpp 0 strain 1 . Ultimately, Das et al 5 were able to identify the gene relV and showed that apart from relA and spoT, relV is also responsible for the production of (p)ppGpp (Fig. 1) . In fact, relV is highly conserved in Vibrio spp 5 . Unlike RelA/SpoT, RelV is a small protein with a single domain of Rel-Spo. It is interesting to note that genes, which code for similar proteins are also present in the Gram-positive organisms such as Bacillus subtilis and Streptococcus mutans. However, unlike Gram-negatives, the Grampositive bacteria possess a single gene rel, which codes for an enzyme Rel having both (p)ppGpp synthetase as well as hydrolase activity. Discovery of relV-like gene in certain bacteria raised several questions such as like (i) how the gene is regulated, (ii) under what circumstances the gene is expressed, (iii) what are the signals that induces expression of the gene, and (iv) what is the role of the gene in maintaining basal level of (p)ppGpp? Furthermore, deletion of relA and spoT leads to slow growth of V. cholerae cells during lag to log phase in a nutritionally rich medium and the defect is corrected in a relA spoT relV triple mutant indicating that relV is most likely activated in early log phase and leads to high basal level of (p)ppGpp, which is inhibitory to growth 5 . However, at present it is not clear how the relA spoT mutant cells manage to degrade (p) ppGpp in the absence of (p)ppGpp hydrolase enzyme SpoT.
CgtA and stringent response
CgtA is a highly conserved essential GTP-binding protein, coded by the cgtA gene, belonging to Obg subfamily in prokaryotes 8 . CgtA has been suggested to play important roles in various physiological processes, e.g., regulation of initiation of sporulation, DNA replication, chromosome partitioning, replication fork stability, chromosome segregation, ribosome maturation, etc. Recent studies indicate that CgtA is involved in maintaining steady-state level of (p) ppGpp during exponential growth 9 . CgtA was found to be associated with the 50S ribosomal subunit 10 . Crystal structure analysis of the full-length CgtA/ Obg protein from Thermus thermophilus revealed three domains; a central GTP-binding domain lanked by N-and C-terminal domains designated OBG and OCT, respectively that are unique to the Obg protein 11 . Buglino et al 12 showed that (p)ppGpp is bound with G domain in the crystal structure of C-terminally truncated Obg/CgtA protein of B. subtilis and proposed that CgtA/Obg probably recognizes (p)ppGpp in response to starvation or stress. Reports suggest the role of CgtA in stringent response since it has been co-puriied with the SpoT protein in E. coli 10 . In the case of V. cholerae, CgtA is an essential protein and has been shown to interact with SpoT 9, 13 . It has been suggested that CgtA most likely modulates the SpoT function for proper maintenance of cellular (p)ppGpp level 9 (Fig. 1) .
DksA, a pleiotropic regulator
The dksA gene is highly conserved in Gram-negative bacteria including in V. cholerae. From bioinformatic analysis it appears that the dksA gene of V. cholerae codes for a small protein of ~ 17-kDa in size, which is similar to that of E. coli DksA protein. However, unlike cgtA, dksA is not an essential gene in V. cholerae, since V. cholerae ∆dksA mutant is viable (unpublished observation). This is similar in other bacteria including E. coli, except in Myxococcus xanthus where dksA has been reported to be an essential gene 14 . The dksA gene function was irst identiied as a dose-dependent multicopy suppressor of temperature sensitivity and ilamentation phenotype of a dnaK gene deleted mutant of E. coli 15 . Conservation of dksA in microbial genomes suggests that the product of this gene most likely play important roles in bacterial physiology. The 2.0 Å resolution structure of E. coli DksA has been reported 16 , which revealed a globular domain and coiled coil (consists of two long N-and C-terminal α-helices) structure of the protein. Amino acid sequence alignment of DksA homologues of various Gram-negative bacteria including the DksA protein of V. cholerae indicates that DksA is well conserved, especially its C-terminal half, which contains a potential coiled coil motif with several invariant amino acid residues and a C4-type Zn inger motif 16 (Fig. 2 ).
DksA has pleiotropic functions in bacteria, which include modulation of stringent response [16] [17] [18] , gene expression 19, 20 , quorum sensing 20 and pathogenesis [21] [22] [23] [24] [25] . Among these, modulation of functions of stringent response appears to be important. Several studies have suggested that DksA acts as a co-regulator for the (p)ppGpp-dependent regulation of genes. A dksA mutant strain of E. coli showed auxotrophy that can be suppressed by a rpoB mutation ( T56γP), which also suppresses the auxotrophy of a (p)ppGpp negative strain, called (p)ppGpp 0 strain 17 . The effect of dksA mutation on induction of the rpoS gene expression is very similar to that observed in a (p)ppGpp 0 strain 26 . It has also been shown that DksA enhances the effect of (p)ppGpp on both negatively and positively regulated genes under in vivo as well as in vitro conditions 18 . However, further comparative analysis of the phenotypes of ∆dksA and (p)ppGpp 0 strains allowed to identify some differential phenotypes, for example, amino acid requirements are not exactly the same for these genetically deined strains and the auxotrophic phenotype of the (p)ppGpp 0 strain cannot be restored by over-expressing DksA. Adhesion, chemotaxis and motility phenotypes are also quite different in the case of a ∆dksA mutant versus a (p)ppGpp 0 strain 27 . It has been shown that DksA and (p)ppGpp may exert independent effects on gene transcription under both in vivo and in vitro situations 27 .
DksA belongs to a unusual family of transcriptional regulators which does not bind directly to the regulatory part of a gene, rather it binds directly to the secondary channel of RNA polymerase (RNAP) as shown in the case of E. coli 1, 16 . When DksA binds directly to RNAP, two highly conserved aspartic acid residues of the protein (Fig. 2) help in stabilizing the (p)ppGpp-Mg 2+ -RNAP complex 16 . DksA decreases the half-life of the open complexes formed upon transcription initiation and ampliies the (p)ppGpp effect 16, 18 . The hallmark of the stringent response is downregulation of stable RNA synthesis (rRNAs and tRNAs) and ribosome production under amino acid starvation. In addition to downregulation of stable RNA synthesis, transcription from a number of promoters that control the expression of genes involved in survival and stress adaptation, are also stimulated during stringent response. Not only negative effects of (p)ppGpp are ampliied by DksA, the positive inluence of DksA in transcription from amino acid biosynthesis gene promoters have also been reported 18, 24 . Thus, it appears that DksA functions as a co-factor for (p)ppGpp by synergistically amplifying the effect of (p)ppGpp depending on speciicity of promoters.
Apart from its involvement in stringent response, several studies also indicate that DksA may regulate lagella synthesis in motile bacteria 27, 28 . The ability of bacteria to swim with the help of lagella toward or away from speciic environmental stimuli, such as nutrients, oxygen, or obnoxious substances provides cells with a survival advantage, especially under nutrient-limiting conditions. Flagella synthesis during stationary phase and after starvation was found to be inhibited by DksA and (p)ppGpp. This role of DksA not only co-ordinates ribosome assembly and lagella synthesis but also prevents expenditure of limited energy resources on two of the cell's intense energy demanding processes of macromolecular synthesis 28 . From mutational studies, it appears that DksA is involved in motility of V. cholerae 29 (Fig. 1) , an important phenotype of this human pathogen, which is considered important for pathogenesis.
A growing number of recent studies indicate involvement of DksA in processes related to growth, stress, starvation, and survival that eventually affect the pathogenic potential of a bacterium. A common scenario is that when DksA is absent, pathogenicity is compromised for reasons that vary with the organism studied. Inhibitory effects can also occur on host interactions that enhance pathogen survival, invasiveness, or persistence. Examples include Salmonella enterica serovar Typhimurium, Shigella lexneri, Pseudomonas aeruginosa, Campylobacter jejuni, E. coli and V. cholerae. In S. enterica serovar part of DksA is also shown. Two highly conserved aspartic acid (D) residues of the tip of coiled-coil domain of DksA have been proposed to be critical for co-ordinating (p)ppGpp bound Mg 2+ with the RNA polymerase secondary channel and are indicated by hollow vertical arrows. Four highly conserved cysteine (C) residues of C4-type Zn inger motif are also indicated by grey vertical arrows.
Typhimurium, dksA gene product controls the expression of the stationary phase sigma factor rpoS (σ 38 ) and as a result dksA mutant was less virulent than the parental strain when tested in mice as well as in 3-week-old hatched chickens 25 . In S. lexneri, DksA is involved in intracellular spread upon infection of epithelial cell layers 24 . Unlike in Salmonella, the effect of DksA does not depend on the sigma factor RpoS in S. lexneri 22 . In P. aeruginosa, the las and rhl quorum sensing systems control the secretion of extracellular virulence factors including rhamnolipids and LasB elastase 21 . DksA is also involved in posttranscriptional control of the extracellular virulence factor production in P. aeruginosa. In C. jejuni, dksAlike protein exhibited a decreased ability to invade intestinal cells and induced release of interleukin-8 from intestinal cells 20 . Similarly, it has been reported that adherence capacity of enterohaemorrhagic E. coli and gene expression in the locus of enterocyte effacement are modulated by (p)ppGpp and DksA 23 . Interestingly, in V. cholerae signiicant reduction of cholera toxin production, its principal virulence factor was observed under in vitro condition 29 . Recently, Mueller et al 30 reported that mutation of dksA is probably responsible for indole non-responsive phenotype in V. cholerae (Fig. 1 ). Indole is a natural breakdown product of the tryptophan and it can act as a stationary phase signal molecule that induces bioilm formation. Analysis of V. cholerae ∆dksA mutants showed severe growth defect in MM medium lacking amino acids. However, unlike E. coli ∆dksA strain, V. cholerae ∆ dksA mutants initiated growth after 5-6 h and overnight incubation allowed the culture to reach into saturation 29 (unpublished observation) . Although the reason behind this is currently not clear, it could be due to excess (p)ppGpp production by the RelV protein of V. cholerae. It may be possible that accumulation of sublethal amount of (p)ppGpp could induce amino acid biosynthesis operons leading to growth even under dksA negative background. Thus, DksA also appears to be a pleiotropic regulator in V. cholerae, controlling stringent response, motility and virulence factor production ( Fig. 1) . Future studies are needed to unravel the exact regulatory functions of DksA in this important human pathogen.
Conclusion
Recent studies indicate that multiple genes are involved in modulation of stringent response in V. cholerae. Participation of RelA and SpoT enzymes along with the essential GTP binding protein CgtA in subtle regulation of intracellular levels of (p)ppGpp as well as the involvement of recently discovered novel synthetase RelV indicate that (p)ppGpp metabolism is highly complex in V. cholerae. Further, genetic evidences indicate that, as in the case with E. coli, the conserved regulatory protein DksA also modulates the action of (p)ppGpp in V. cholerae. Apart from stringent response regulation, DksA may also be directly or indirectly involved in virulence factor production and motility of V. cholerae. This could be due to overall effect of DksA on global transcription or by some other mechanism(s), which is yet to be elucidated. In summary, it appears that both RelV and DksA are fascinating proteins and further studies are needed to understand their role in ine tuning the regulation of gene expression in both pathogenic and non pathogenic organisms.
